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Abstract 
The lack of access to electricity and clean cooking fuels is commonly referred to as energy 
poverty. In 2014, approximately 819 million people in India relied on solid fuels (including 
wood, crop residue, dung and coal) for cooking, the use of which is claimed to contribute 
to premature death caused by indoor air pollution, deforestation and gender inequality. In 
the interest of improved health and wellbeing, the Indian Government is, therefore, 
promoting a transition to the use of Liquefied Petroleum Gas (LPG) as a cleaner cooking 
fuel. Dimethyl ether (DME) is a LPG compatible synthetic fuel, and the primary purpose of 
this thesis is to understand the use of domestically produced DME to offset a growing 
Indian LPG import requirement.   
The thesis starts by exploring the links between alternative liquid fuels production and use, 
human wellbeing, energy poverty reduction and sustainable development (Objective 1). 
The analysis finds that the proportional share of income used to purchase fuel is larger in 
developing countries when compared with richer, more developed countries, and that 
extended periods of high oil prices may exacerbate poverty in developing countries which 
are dependent on oil imports. In addition to reducing this vulnerability, there is a strong 
(potential) synergy between the production and use of alternative liquid fuels and several 
of the United Nations sustainable development goals. These include the provision of 
affordable and clean energy, promoting economic growth, climate action, reducing 
inequality and improving health and wellbeing. Affordability is a key driver in the adoption 
(and continued use) of cleaner cooking fuels globally. Therefore, to be considered viable, 
the cost of domestically produced DME would have to be equal or lower than the cost of 
imported LPG. In this context, the remainder of the thesis is devoted to the techno-
economic evaluation of producing DME from three different feedstocks, each offering a 
different greenhouse gas emissions intensity. 
The first evaluation (Objective 2) is based on the conversion of low-grade Indian coal in 
Jharkhand, where 18% of households used coal as a cooking fuel in 2011. Based on using 
a similar (energy equivalent) quantity of coal, it was found that producing DME (with 
associated excess electricity) would likely require oil prices greater than $73 per barrel to 
be cost competitive with imported LPG.  
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Additionally, and due to higher overall process and cooking energy efficiency, this 
approach could result in 36% less coal being consumed when compared with direct use of 
the coal for cooking and as a means of producing an equivalent amount of electricity.  
India’s metropolitan cities generate large quantities of Municipal Solid Waste (MSW), 90% 
of which is disposed of onto unsanitary landfills, creating major environmental and health 
concerns. This second evaluation (Objective 3) therefore considers the techno-economic 
merits of reducing some of these impacts by converting a portion of the MSW generated in 
Kolkata into DME. Results suggest that DME produced from a 50:50 blend of locally 
available coal and Refuse Derived Fuel (RDF) could provide the cooking needs of 
approximately 15% of Kolkata’s population, and become cost competitive with imported 
LPG at an oil price of $130 per barrel. At this blend ratio, the quantity of the fossil fuel 
derived greenhouse gas emitted through DME production will be more than offset by 
avoided landfill methane emissions.  
The third study (Objective 4) investigates the production of DME by combining CO2 
released in India’s ethanol plants, with hydrogen gained by water electrolysis using 
renewable electricity. More than 85% of India’s ethanol is produced in five states, four of 
which are richly endowed with a renewable electricity generation potential, but the cost of 
DME produced in this manner is several orders of magnitude higher than the prior two 
options considered. The production and use of this DME is, however, carbon neutral, and 
could become viable in the EIA’s “high oil price” scenario if future (US DOE) electrolysis 
performance targets are achieved, and at electricity costs below $45 per MWh.  
Although not commercially applied in India currently, the use of fluidised bed gasification 
technology is likely suited to the conversion of multiple Indian feedstocks into DME, and 
this approach could facilitate a transition to a lower carbon future. Gasification based DME 
production costs are very scale sensitive however and, used as an LPG blend stock, the 
size of plants dedicated to DME production alone are likely be market constrained. The 
use of neat DME for cooking, or as a diesel substitute, will provide access to a larger 
market, but require dedicated end-use devices, not yet commercially available. In this 
respect, the co-production of methanol and DME in larger scale facilities may be 
beneficial. This approach will require a wider use of methanol (or derivatives) and an 
assessment of the opportunity associated with establishing a local Indian market, based 
on the experience in China, is recommended as a next step.  
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PART I: INTRODUCTION 
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1 Introduction 
1.1 Background 
It is widely accepted that human, social and economic development may be fundamentally 
hindered by a lack of access to basic energy services [1-4], and several indices are used 
to measure development and human wellbeing as a function of household access to 
electricity on the one hand and clean cooking fuels on the other. These indices include the 
United Nations Multi-Dimensional Poverty Index (MPI), Oxford Multi-Dimensional Energy 
Poverty Index (MEPI), International Energy Agency Energy Development Indicator (EDI) 
and Practical Action Energy Supply Index (ESI)) [5-9]. The lack of access to electricity and 
clean cooking fuels is commonly referred to as “energy poverty”, and in 2014, 
approximately 1.2 billion people lacked access to electricity, and 2.7 billion people relied 
on the use of solid fuels (including wood, crop residue, dung and coal) for cooking. 
Approximately 30% of those that cooked with solid fuels (819 million people) resided in 
India [3]. 
The use of solid cooking fuels creates several significant problems. In 2012, resultant 
indoor air pollution was the cause of more than 4.3 million premature deaths, more than 
60% of which were women and children [10]. The collection of solid fuels is labour 
intensive and has been linked to other health problems (including muscle strains and 
spinal injuries) and a significant loss of time which could be spent on other activities. In 
many parts of the world, women are responsible for the collection of firewood and 
specifically impacted by this burden [10]. Furthermore, the use of solid fuels may result in 
deforestation, with a resultant loss of biodiversity and the elimination of carbon sinks which 
could offset global warming [11]. 
There is ample evidence of the health benefits associated with the use of liquefied 
petroleum gas (LPG) as a cleaner cooking fuel [12-15]. Various governments, including 
India, have therefore instituted programs aimed at replacing solid fuels with LPG. Other 
countries who have adopted this strategy include China, Guatemala, Indonesia, Kenya, 
Pakistan, Sri Lanka, Albania, Brazil, Mexico and Peru [13, 14, 16-19] and together 
represents approximately 45% of the world’s population.   
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The focus of most energy-poverty related literature has been on the improvement of 
human wellbeing through access to electricity and cleaner cooking fuels. It has been 
argued however that the discussion should be broadened to include the (equally important 
and critical) improvement in access to energy for productive use and mobility [20]. 
Constrained by end-use devices (vehicles, equipment, etc.) currently used for this 
purpose, this requires a consideration of the access to, and use of, other petroleum fuels 
(such as diesel and gasoline), besides LPG. 
The cost of these fuels is strongly linked to the prevailing crude oil price, which makes oil 
importing countries vulnerable to oil prices shocks. India is among these, and the 
International Energy Agency (IEA) expects that by 2040, 90% of India’s oil demand (which 
includes diesel (36%), gasoline (19%) and LPG (14%)) will have to be imported [21]. This 
demand is 254% higher than it was in 2015 [3]. To reduce this vulnerability, and with a 
focus on the transport and industrial sectors, the Indian government have set the 
ambitious target of substituting 20% of imported gasoline with domestically produced 
ethanol, and 20% of imported diesel with domestically produced biodiesel [22].  
By 2040, and largely driven by cooking fuel demand, India is also predicted to be the 
world’s largest LPG importer [21]. It is postulated that one means of reducing this import 
demand may be through the production and use of dimethyl ether (DME). DME is an 
alternative gaseous fuel, which is easily blended with LPG [23], and may be produced from 
a variety of domestically available Indian feedstocks. This strategy may be a “third string to 
India’s alternative fuels bow”, which has been recognised by the Indian government [24]. 
Recently, the National Institution for Transforming India (NITI Aayog) have established 
Expert Groups to explore this as an option [25]. 
As a contribution to this discussion, the overall purpose of this PhD project is to investigate 
the potential use of DME, derived from several domestic feedstocks, as a clean cooking 
fuel in India.   
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1.2 Motivation and objectives 
This PhD project is composed of the following four research objectives.  
Research Objective 1 – To understand the potential role of alternative liquid fuels in 
reducing energy poverty in India 
This research objective is discussed as part of the literature review in Chapter 2, and 
addresses the following research questions: 
1. What is the relationship between human wellbeing, energy poverty reduction and 
the use of crude-oil derived liquid fuels? 
2. What is the relationship between human wellbeing, energy poverty reduction, and 
the production and use of alternative liquid fuels? 
3. What is the status of alternative liquid fuels development, globally and in India? 
Besides a potential reduction in the dependence on imported oil, the literature review 
highlighted a strong synergy between the production and use of (affordable) alternative 
liquid fuels and several of the United Nations sustainable development goals. These 
include the provision of affordable and clean energy, promoting economic growth, climate 
action, reducing inequality and improving health and wellbeing [26]. The results of this 
review were instrumental in choosing to evaluate the production and use of domestically 
derived DME as a clean cooking fuel alternative, in an Indian context.  
An existing body of research, aimed at understanding the techno-economic viability of 
DME as an alternative fuel, has largely focused on Japan, China and Sweden as target 
markets. The literature review did not yield any examples of similar studies with an India-
specific focus, where research has largely focused on the production of ethanol and 
biodiesel as alternative fuels. In this regard, and in the context of the interest by the Indian 
Government alluded to earlier, the remainder of the work in this PhD project is therefore 
devoted to contributing to this research gap.  
This contribution is made through three separate techno-economic evaluations, based on 
the use of India-specific feedstocks. The scope of each evaluation includes a 
consideration of affordability, scalability and sustainability as key criteria and, within this 
theme, the feedstocks selected were low-grade indigenous coal, municipal solid waste, 
and renewable electricity (combined with water and CO2).  
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The potential production of DME from indigenous Indian coal is modelled after a similar 
approach used in China today, and the analysis of the other two feedstocks recognises the 
urgent need to transition to a low-carbon future. Each evaluation constitutes a different 
research objective, discussed subsequently. 
Research Objective 2 – To evaluate the viability of reducing the dependence on 
solid cooking fuels in India by using DME, derived from low-grade Indian coal 
India contains the world’s fifth-largest coal reserves, and the country ranked third largest 
regarding both production and consumption in 2012 [27]. Approximately 26% of these 
reserves are found in the state of Jharkhand, located in the north-eastern part of India. Per 
the latest census, approximately 87% of households in Jharkhand still relied on the use of 
solid cooking fuels, and 18% used coal for this purpose. This latter figure is reflective of 
more than 31% of all Indian households that used coal, lignite and charcoal as a means of 
cooking, and this research objective investigates the merits of converting low-grade coal 
into DME instead.  
This research was motivated by prior studies which showed that the cost of DME produced 
from (high quality) Chinese coal could compete with the prevailing LPG wholesale price 
[28, 29]. Also, and that not only was using coal-derived DME for cooking cleaner, but the 
production of DME (with electricity as a byproduct) could reduce the amount of coal 
needed to meet an equivalent (solid fuel) cooking energy demand (plus electricity) by up to 
25% [28].  
From an Indian perspective, the composition and quality of typical (low-grade) coal in 
Jharkhand is however significantly different to the coal in China, as are the local economic 
drivers. My work is therefore aimed at answering the following questions: 
1. What is the likely difference in consumption if low-grade Indian coal is used to 
produce DME (plus electricity as a byproduct), instead of being used to provide an 
equivalent amount of (solid fuel) cooking energy and electricity.  
2. What are the most important cost drivers in producing coal-derived DME in India, 
and at which oil price will it become cost competitive with imported LPG?  
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Research Objective 3 – To determine the viability of using DME, derived from 
municipal solid waste (MSW), as a clean cooking fuel in Kolkata, India 
The management of MSW is a critical problem in several large metropolitan cities in India, 
where, in some cases, more than 90% of waste is disposed of in unsanitary landfills, 
creating major environmental and health concerns [30, 31]. Kolkata, which is the capital of 
West Bengal, counts among these. The conversion of urban MSW into useful forms of 
energy is one means of addressing the issues above [21], and through this research 
objective, I investigate the techno-economic viability of producing DME from MSW 
generated in Kolkata.  
From a DME blending perspective, Kolkata potentially represents an attractive market 
since, according to the latest census, approximately 65% of households in Kolkata had 
transitioned to the use of LPG as a cooking fuel [32]. The characteristics and composition 
of MSW vary from location to location and depends on a range of factors including food 
habits, cultural traditions, climate, and other socio-economic factors [33, 34]. In this regard, 
my work is aimed at answering the following research questions: 
1. Which technologies and technical approaches may be suitable for the conversion 
of Kolkata specific MSW into DME? 
2. In the case where DME is produced through the combined use of MSW and locally 
available coal, what is the impact of increasing the proportion of MSW on the 
efficiency, product yield, greenhouse gas intensity and economics of the overall 
process? 
3. To what extent could the current LPG use in Kolkata be augmented by using MSW 
derived DME? 
Research Objective 4 – To understand the viability of CO2-neutral DME as a clean 
cooking fuel in India  
The production of renewable DME through the combination of hydrogen (derived through 
water electrolysis using renewable electricity), with waste CO2 (captured from industrial 
processes), represents one potential means of producing a CO2 neutral cooking (and 
transportation) fuel [35-38].  
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The viability of this approach is highly dependent on the availability of low-cost renewable 
electricity [39-42], but also on the cost and availability of CO2. Compared with other 
industrial sources, the CO2 purity of waste gas released from an ethanol production 
process is high, and the cost of its recovery, low [43]. India’s sugarcane industry is the 
second largest in the world, and its domestic ethanol production is mostly derived from 
molasses, a by-product of the sugar refining process. The government of India mandated 
a 5% blend of ethanol with gasoline in 2012 [44], and it is expected that the sugar industry 
will play an increasing role in the pursuit of an ambitious future blend target of 20% [22].  
In this research objective, I investigate both the current, and future viability of producing 
DME using renewable hydrogen, combined with CO2 released during molasses 
fermentation.  
Research questions are as follows: 
1.  From the perspective of renewable electricity generation capacity (and potential), 
and the size of the LPG cooking fuel market, in which of India’s ethanol producing 
states would the construction of a renewable DME plant be most prospective? 
2. What is the expected (scale related) cost difference in producing DME using the 
quantity of CO2 released in a typical Indian ethanol plant, compared with the 
country’s largest ethanol plant? 
3. Based on the United States Department of Energy (USDOE) future electrolysis 
technical targets, and the future (2040) oil price scenarios published by the Energy 
Information Administration (EIA), at which electricity prices will renewable DME 
become cost competitive with imported LPG?  
1.1 Structure of the thesis 
This thesis is composed of three parts. 
• Part I – Introduction 
• Part II – Research outcomes 
• Part III – Discussion and conclusions 
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Part I sets the context of the thesis and comprises two chapters. 
• Chapter 1 provides the background and motivation of the PhD project 
• Chapter 2 contains a literature review which is focused on: 
o Understanding the links between human wellbeing, energy poverty reduction, 
sustainable development and the production and use of alternative liquid 
fuels.  
o Understanding the body of techno-economic specific research which has 
focused on the production and use of DME as an alternative fuel. 
Part II contains the main body of the thesis and advances the understanding of the use of 
DME, produced from different domestic feedstocks, as a cleaner cooking fuel in India. It is 
comprised of a collection of three journal papers, each of which is specific to a geographic 
region and feedstock type, with a strong techno-economic focus. As a result, some 
elements, such as determining the overall process efficiency, CO2 footprint and the oil 
price at which DME would become cost competitive with LPG, were common to all and 
allowed for a comparison between different feedstocks (discussed in Chapter 6). Other 
research questions were specific to a geographic location and associated cooking fuel 
market and aimed at understanding DME’s potential role more broadly. Part II is broken 
into three chapters. 
• Chapter 3 evaluates the production and use of low-grade coal derived DME as a 
clean cooking fuel in Jharkhand, India 
• Chapter 4 evaluates the production and use of MSW derived DME as a clean 
cooking fuel in Kolkata, India 
• Chapter 5 evaluates the production and use of DME, using renewable hydrogen, 
combined with waste CO2 produced by India’s ethanol plants, as a clean cooking 
fuel in areas where these plants exist.  
Part III synthesises the research outcomes in one chapter.  
• Chapter 6 draws on learnings from the various cases presented in Chapters 3 to 5 
and includes a comparison between these based on common criteria. The chapter 
concludes with some recommendations for further research.   
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2 Literature review 
2.1 Liquid fuels use, energy poverty reduction and human wellbeing 
Several governments have, as mentioned previously, programs underway which are 
aimed at replacing solid fuels with liquefied petroleum gas (LPG). In India, approximately 
29% of households had transitioned to the use of LPG / PNG1 (piped natural gas) for 
cooking in 2011, which was more than double the amount in 2001. The Indian population 
had only grown by approximately 18% during that time. Comparatively, only 3.9%2 of 
Indian households used other, non-solid, fuels for cooking [45]. Today, the vast majority of 
India’s LPG consumption is supplied through imports, either as a final product or in the 
form of imported crude oil which is refined domestically. Future predictions suggest that 
India will become the world’s largest LPG importer by 2040 [21] where the total demand 
(driven largely by increased cooking fuel consumption) is expected to be approximately 3.8 
times the demand in 2014.  
The cost of LPG is strongly linked to the prevailing crude oil price and is high when 
compared with traditional fuel alternatives. Thus, the Indian government currently 
subsidises the provision of LPG to make it more widely available, and to protect domestic 
consumers against oil price volatility. The price paid by a consumer is regulated, with the 
Government meeting the shortfall between the regulated price and the cost incurred by oil 
marketing companies (OMCs) in purchasing LPG from producers. A history of this cost 
difference (or so-called LPG under-recovery) is shown in Figure 2.1 [24] , together with an 
international LPG price marker (based on the so-called Saudi Aramco prices for propane 
and butane) and the Indian Basket crude oil price3. The impact of oil price volatility on the 
LPG price and under-recovery is clear to see, and at high oil prices, the cost may be 
significant.  
Affordability is a key consideration in the decision by households to transition to the use of 
LPG [13], and evidence suggests that LPG consuming households may revert to the use 
of solid cooking fuels if the cost of LPG becomes too high.  
                                            
1 Here, the use of PNG is very small. A 2016 estimate suggested that approximately 1.3 million households were 
connected to the gas grid, which was less than 1.3% of number of Indian households in 2011. 
2 This figure included kerosene (2.9%), biogas (0.4%) electricity (0.1%) and other forms (0.5%)) 
3 The Indian Basket crude oil price is the weighted average of daily prices of a basket of sour (Dubai and Oman) and 
sweet (Brent) crude oils processed in Indian oil refineries. 
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Figure 2.1 - Indian petroleum price comparisons  
For example, and after a steady displacement of solid cooking fuels with LPG, Brazil 
experienced a reversion back to the use of solid fuels when an LPG subsidy was removed 
in 2002. Conversely, this trend was again reversed in 2006, and this time attributed to 
economic growth in the country [19]. In addition to LPG being affordable, its uptake as a 
cleaner cooking fuel is also dependent on the reliability of supply. A disruption of the LPG 
supply chain has also been shown to result in users returning to the use of solid fuels [24]. 
In some cases, this reversion is made easy with households planning for this contingency, 
or through fuel stacking, where households use more than one type of fuel. For example, 
and in 2004, approximately  98.5% of Brazilian households still owned a traditional cook 
stove as a back-up to the LPG stove [19], and in 2010, roughly 12% of Indian households 
used both biomass and LPG for cooking [46]. 
Whereas the focus of most energy-poverty related literature has been on the improvement 
of human wellbeing through increased access to electricity and cleaner cooking fuels, it 
has also been argued that the discussion should be broadened to include the (equally 
important and critical) improvement in access to energy for productive use and mobility 
[20]. Constrained by end-use devices (vehicles, equipment, etc.) currently used for this 
purpose, this requires a consideration of the access to, and use of, other liquid fuel types, 
besides LPG.  
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The so-called Human Development Index (HDI) is often used as one measure of human 
wellbeing [47], and the aggregated amount of liquid fuels consumed in 175 countries 
(representing 98.6% of the world’s population) in 2012 [48], grouped as a function of their 
HDI [49], is depicted in Figure 2.2. 
 
Figure 2.2 - Total liquid fuels consumption as a function of HDI (2012) 
It is noticeable that countries with an HDI higher than 0.8 consumed more liquid fuels than 
the rest of the world combined and, translated into a per-capita basis (Figure 2.3)[50], the 
difference in fuel consumption in the different HDI segments becomes pronounced. On an 
aggregate level, this supports the view that a higher level of wellbeing corresponds with 
increased liquid fuels consumption. The aggregated wealth of countries in the different HDI 
segments expressed as a per-capita gross domestic product (GDP) or gross national 
income (GNI), shows a similar trend (Figure 2.4) [49, 50]. 
More than 84% of these liquid fuels are crude-oil derived [51] which means that in the 
context of oil being a globally traded commodity in limited supply, the proportional share of 
income used to purchase fuel is much larger in less developed countries when compared 
with richer, more developed countries. Evidently, this applies to all fuel types, including 
LPG. 
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Figure 2.3 - Per-capita liquid fuels consumption as a function of HDI (2012) 
 
Figure 2.4 - Aggregate GDP and GNI as a function of HDI (2012) 
Beyond resulting in the return to the use of solid cooking fuels, extended periods of high oil 
prices could exacerbate poverty in developing countries who are dependent on oil imports, 
either through the contraction of the economy and/or increased external borrowing to 
restore a balance of payments [4].  
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The IEA expects that the demand for liquid fuels in India will grow by more than 254% 
between 2015 and 2040 [3]. It is further projected that 90% of India’s oil demand (which 
includes diesel (36%), gasoline (19%) and LPG (14%)) will have to be imported at that 
time [21]. The increased future dependence on oil imports was also highlighted in another 
study [52] which suggested that India would be 90% dependent by 2031. It is likely that 
this increased dependence will make India more vulnerable to oil price shocks. It is 
postulated that to reduce its oil-related vulnerability, one possible strategy for India may 
include the use of alternative liquid fuels, produced from domestically available feedstocks. 
Alternative liquid fuels may be classified as non-renewable synthetic fuels, renewable 
synthetic fuels and biofuels. Non-renewable synthetic fuels (synthetic diesel, synthetic 
gasoline, synthetic LPG, methanol and dimethyl ether (DME)), are currently produced 
through the conversion of fossil fuels in coal-to-liquids (CTL), gas-to-liquids (GTL) and 
chemical additive facilities. There is also a growing body of work focused on producing the 
fuel types above through the combination of CO2 with hydrogen [53]. If the hydrogen is 
non-fossil fuel derived, then these could be classified as carbon neutral synthetic fuels. 
Biofuels (ethanol, biodiesel, bio-methanol, bio-DME, biogasoline and bio-LPG) are derived 
from a variety of biomass feedstocks. 
2.2 Alternative liquid fuels production and sustainable development 
The origin of the concept of sustainable development is often ascribed to the 1987 World 
Commission on Environment and Development (WCED) Report entitled Our Common 
Future (also known as the Brundtland Report), which describes it as development that 
“meets the needs of the present without compromising the ability of future generations to 
meet their own needs” [54-56]. Sustainable development has also been referred to as a 
universal, intra- and intergenerational human rights concept, which is challenged by the 
continued reliance on fossil fuels through increasing greenhouse gas emissions, 
decreasing energy security, air pollution resulting in health problems and the lack of 
universal access to energy services [11]. In 2015, the United Nations adopted a set of 17 
sustainable development goals to end poverty, protect the planet and ensure prosperity. 
These goals include the provision of affordable and clean energy, promoting economic 
growth, climate action, reducing inequality and improving health and wellbeing [26]. 
Therefore, and if affordable, the production and use of increasingly cleaner and 
sustainable alternative liquid fuels are closely aligned with these goals.  
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A central underlying premise of the work in this PhD project is therefore that, since 
supplies are finite, crude-oil will ultimately be replaced by alternative (but equivalent) 
energy sources, and that the production of alternative liquid fuels may be part of the 
overall transition to a more sustainable energy future. The pursuit of a low carbon energy 
future is vital, and it is postulated that the replacement of crude-oil derived liquid fuels may 
be done through a phased substitution, involving multiple transition steps, with each 
transition step dependent on the use of different, but increasingly cleaner, fossil fuel and 
renewable feedstock combinations.  
This premise is consistent with the so-called Framework for Strategic Sustainable 
Development (FSSD), which has been developed over a 25-year timeframe and proposed 
as a means of approaching sustainable development in a structured manner [56]. The 
FSSD builds on the definition of sustainable development espoused in the Brundtland 
Report [54]. It suggests that, in a sustainable society, nature is not subjected to the 
systematic increase in the concentrations of substances (from the earth’s crust or 
produced by society) or physical degradation. It also suggests that in a sustainable 
society, people are not obstructed from being healthy, having influence, gaining 
competence, being treated impartially and creating individual meaning [56]. The FSSD 
holds that these objectives may be achieved through dematerialisation and substitution. 
For example, traditional liquid fuels may be substituted with biofuels and dematerialisation 
may occur through increased resource utilisation efficiency or through recycling where the 
waste of one process may be used as a feed material for another [54]. The use of MSW or 
waste CO2 to produce alternative liquid fuels are other examples of this strategy.  
The FSSD points out however that some dematerialisation and substitution steps may not 
immediately walk hand in hand with sustainability, therefore requiring the consideration of 
trade-offs. For example, certain important substitutions may lead to an increased material 
intensity, as evidenced by poor material utilisation efficiency associated with wind power 
generation in the early stage of development [54]. The production and use of alternative 
liquid fuels produced from fossil fuels such as natural gas or coal may be another example 
of this. The overall carbon emissions associated with the conversion of these feedstocks 
into alternative liquid fuels will likely be higher when compared with petroleum fuels but 
may reduce the vulnerability of energy poverty reduction measures to oil price shocks.  
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The cost of using fossil fuel based feedstocks may also be less than the use of cleaner 
alternatives, and the decision whether to use them as temporary stepping stones, until use 
of the cleaner feedstocks become cost-competitive, therefore also requires consideration. 
In a practical sense, the application of the FSSD relies on the use of backcasting to 
support planning and decision making in designing for a sustainable future [56]. 
Backcasting is a process in which there is a focus on potential underlying (i.e. upstream) 
sources of problems in cause-effect chains to avoid fixing symptoms once they occur. 
Backcasting first involves envisioning a desirable future state, and then determining what 
must be done to achieve this vision, and is different to the commonly used tool of 
forecasting. Robèrt posits that use of the latter alone carries the risk of superimposing 
today’s drivers and limitations on the future, and states that “what is considered realistic 
today should be allowed to influence the pace of the transition, not its direction” [57, 58]. 
The concept of backcasting, applied to the transition to renewable fuels use for cooking, 
productive use and mobility is depicted graphically in Figure 2.5.  
 
Figure 2.5 - Graphical depiction of backcasting  
(Note: Graphical representation attributed to a diagram shown by The Natural Step [59]) 
2.3 The global status of alternative liquid fuels production  
The worldwide production of (non-renewable) synthetic fuels in 2015 was equivalent to 
approximately 1% of global oil demand [3]. GTL production largely occurred in the Middle-
East and the conversion of coal into fuels and additives in South Africa and China [51].  
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Although relatively small in a global context, the contribution of these fuels to an individual 
country’s fuel diet can be significant. In 2014, South Africa’s CTL and GTL production 
capacity was, for example, equivalent to more than 30% of its total fuel consumption [60]. 
Some of the leading renewable synthetic fuels projects are only moving past the piloting 
phase now, and global production is currently very small.  
In 2015, the global biofuels production was equivalent to approximately 1.7% (by volume) 
of global oil demand [3]. Ethanol is largely produced using either sugar cane or corn as 
feedstocks and comprised 75% of the biofuels market in 2012 [61]. Biodiesel constitutes 
the largest proportion of the rest and is derived from a variety of feedstocks which includes 
canola, soybean, palm oil, animal fats and algae. In 2015, approximately 68% of global 
biofuels production occurred in the United States and Brazil [3]. The contribution of these 
fuels to an individual country’s fuel use can also be significant, and in 2014, the production 
of biofuels in Brazil was equivalent to more than 17% of domestic demand (on a volumetric 
basis).  
Depending on their properties, quantities and end-use device specifications, alternative 
liquid fuels may either be “dropped into”, or blended in specific proportions with crude-oil 
equivalents. When viewed through an energy poverty lens, and with a focus on the 
production of ethanol, biodiesel, synthetic diesel and synthetic gasoline, the productive use 
and mobility sectors (as opposed to the cooking fuel sector) are the main benefactors in 
most countries currently producing alternative liquid fuels. There are some ongoing 
activities focused on the promotion of ethanol or ethanol gel as cleaner cooking fuels [15, 
62-66], but here the market penetration is still very small.  
In China, there has been a strong focus on the production and use of methanol, and 
methanol derived fuels in the transport, industrial and household sectors, at large scale. 
The global production of methanol in 2015, more than 60% of which was consumed in 
Northeast Asia, was approximately 71 million tonnes per year [67]. In energy terms, this 
was equivalent to 69% of global ethanol production [68] in the same period. More than a 
third of this methanol and its derivatives was used as fuel [69], and avenues for its use are 
depicted in Figure 2.6. As a transportation fuel, methanol may be converted to synthetic 
gasoline (plus synthetic LPG) via the ExxonMobil methanol-to-gasoline (MTG) process or, 
by it having a high average octane number (99), blended with gasoline [37]. Currently, 14 
(out of 23) of China’s provinces have standards in place to regulate this [69]. 
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Figure 2.6 - Methanol derived fuels and end-uses 
Methanol is a key ingredient in the production of biodiesel which requires, depending on 
the feedstock, between 0.11 barrels (rapeseed oil) and 0.16 barrels (coconut oil) of 
methanol per barrel of biodiesel [70]. Methanol may also be used as a fuel in fuel cells [36] 
or to produce methyl tert-butyl ether (MTBE), which is added to raise the octane number of 
gasoline. Alternatively, it may be converted into dimethyl ether (DME).  
The inherent properties of DME make it suitable for use in the power generation, transport 
and cooking fuel sectors [23, 71]. DME’s cetane number is equivalent to that of diesel, 
which makes it an ideal compression ignition fuel, and a cleaner burning diesel alternative 
[23, 72]. DME’s boiling point, vapour pressure and specific gravity are within a range 
represented by propane and butane, which are the major constituents of LPG. DME is 
therefore well suited to use in power generation applications using gas turbines [23], and 
trials showed that NOx and CO emissions associated with the use of fuel grade DME (88% 
to 89% pure), were lower when compared with the use of natural gas or naphtha [71].  
Notably, however, DME may be blended with LPG, and studies have demonstrated that 
blends containing up to 20% DME (by volume) are completely compatible with existing 
LPG distribution infrastructure and cooking devices, without modification. China is 
currently the largest market for the use of DME, where more than 90% of domestic 
production was blended with LPG in 2012 [23].  
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In 2015, the global amount of DME produced was approximately 5 million tonne per year 
[69], which represented a 33-fold increase from a production of 150,000 tonnes per year in 
2002 [28]. This increase was largely underpinned by growing demand in Northeast Asia 
and using coal (primarily) and natural gas as feedstocks. Other feedstocks, including 
biomass, municipal solid waste and CO2, may also be used for this purpose [28, 73]. 
Besides China, extensive work in Japan has focused on all aspects of DME production 
and use, and Sweden is recognised as the global leader in the development of the 
production of bio-DME from black liquor (a by-product of its forestry industry). Although not 
operational yet, DME facilities have also been contemplated in the Saudi Arabia, Egypt, 
Indonesia, Vietnam, Uzbekistan, Oman, Mongolia, Australia and India [23]. 
There are currently no CTL or GTL facilities operational in India, where the utilisation of its 
coal resource is focused on expanding its electricity generation capacity [61], and where 
gas is largely used for both power generation and fertiliser production [21]. The Indian 
Government has mandated a 5% blend of ethanol (produced from either molasses or non-
food biomass) with gasoline [44] and also set ambitious 20% blend targets for both ethanol 
and biodiesel by 2017 [21]. To date, however, the limited availability of ethanol has 
restricted the achieved blend ratio to 2.8%, and biodiesel production has reduced the 
overall crude oil derived diesel demand by less than 1% [74].   
Despite possessing similar feedstocks to China, the production and use of methanol 
derived fuels in India is currently virtually non-existent. India had, however, as early as 
1998, been identified as a prospective market for DME by a joint venture comprising 
Amoco, the India Oil Company (IOC) and the Gas Authority of India (GAIL). The joint 
venture was interested in importing DME produced in countries with large gas resources 
(such as Qatar) and supplying it as a means of generating power, replacing diesel and 
blending with LPG for cooking fuel use. Amoco merged with British Petroleum (BP) in late 
1998, after which the resulting company (BP Plc) terminated the project to pursue more 
favourable gas related ventures [23].  
Recently, there has been a renewed interest in DME, and since 2013 the Indian and 
Australian Governments have, for example, been collaborating in a joint research program 
aimed at the small-scale production of DME using remote and stranded natural gas [24]. In 
contrast to the initiative in the 1990’s, the focus is on the use of a domestic resource to 
produce DME.  
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Most recently, representatives of the National Institute for Transforming India (NITI Aayog) 
announced the establishment of Expert Groups to explore the production and utilisation of 
methanol and DME as substitutes for imported oil and gas [25]. As a contribution to this 
discussion, this PhD is devoted to investigating the use of DME, derived from domestic 
Indian feedstocks, in greater detail. From an end-use perspective, and although in the 
process of being developed by several original equipment manufacturers (OEM’s), 
including Volvo, Isuzu and Ford, DME vehicles or trucks are not currently commercially 
available. There are no technological barriers associated with the blending of DME with 
LPG, and the expanding use of LPG in India represents both a market opportunity and a 
more immediate means of using an alternative liquid fuel to reduce energy poverty.  
2.4 DME and alternative energy futures 
The FSSD (discussed earlier) emphasises that it is not sufficient to undertake investments 
that focus on short term solutions only, but that each investment should provide technically 
feasible stepping stones linking future investments in the same direction [54]. In the 
context of alternative liquid fuels development, and to avoid assets becoming stranded, 
this will require consideration of the likelihood, and estimated timing, of these fuel types 
potentially becoming redundant in the future. This scenario may well apply in the case 
where DME is blended with LPG and used for cooking. 
For example, and although cooking with electricity in India has been more expensive than 
using LPG, and less than 0.1% used it for cooking in 2011, this option may become more 
attractive if this cost difference reduces due to increasing oil prices [24] or reduced 
electricity prices. In this respect,  LPG has been described as a transition cooking fuel with 
households potentially switching to electricity as soon as supply becomes reliable [13].  
The use of electricity will depend on the level of access, however, and IEA predictions (up 
to 2040) suggest that, for the foreseeable future, the use of LPG as a cooking fuel in India 
is expected to grow significantly [21].  
Similarly, and expanding the discussion to the energy required for productive use and 
mobility, the IEA expects that the use of electric vehicles will grow. Projections suggest 
that by 2040 there may be up to 150 million electric vehicles globally, approximately 10% 
of which may be in India. Comparatively, India’s total vehicle fleet is expected to grow by 
more than 465 million vehicles, however, resulting in an increased dependence on 
gasoline and diesel [75].  
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Globally, the IEA also expects that, although oil consumption in buildings, power 
generation and passenger cars will reduce over this timeframe, this reduction will be 
exceeded by increased demand in the maritime, freight, aviation and petrochemical 
sectors [3]. In this context, the potential use of DME as a diesel substitute was highlighted 
earlier. 
Over the very long term, the production and use of methanol, and methanol derived fuels, 
is at the centre of the so-called methanol economy, recently championed by George Olah 
(recipient of the 1994 Nobel Prize in Chemistry). Articulated in an essay entitled “Beyond 
Oil and Gas: The Methanol Economy” [76] Olah postulates that in the future, chemicals 
and fuels derived from methanol, may replace those derived from crude oil and natural 
gas. Under this concept, methanol is produced from renewable feedstocks, including 
biomass, and renewable hydrogen combined with recycled CO2 [38].  
Used as an industrial chemical since the1800s, the 2015 global methanol demand, 
segregated into its various target markets, is shown in Figure 2.7 [67].  
 
Figure 2.7 - World methanol demand (2015)  
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From a DME-specific perspective, prior techno-economic evaluations have shown that the 
investment cost associated with plant section which produces methanol is, regardless of 
feedstock, several times the investment cost associated with a plant section which 
converts methanol into DME [23, 77]. Therefore, and if electricity becomes the dominant 
cooking and transport energy carrier over the very long term, the risk of pursuing a 
strategy of producing DME (via methanol), may have some protection through the multiple 
potential product pathways open to methanol and the transition to a methanol economy. 
2.5 The status of DME related research, globally and in India 
Two databases, Scopus® and ScienceDirect®, were used to determine the extent of 
research done on various aspects associated with the production and use of DME, in a 
country-specific context. Scopus® was selected since it is described as the “world’s largest 
abstract and citation database of peer-reviewed literature: scientific journals, books and 
conference proceedings” [78], and ScienceDirect® since it is described as “Elsevier’s 
leading information solution for researchers” [79].  
The search was restricted to journal articles or reviews which contained the term 
(“dimethyl ether” OR “DME” OR “biodme”) AND (“fuel” OR “fuels” OR “biofuel” OR 
“biofuels”) as well as a specific country name, in its title or abstract. China, Japan and 
Sweden were chosen as a means of comparison with India since they have been, in a 
practical sense, at the forefront of global DME development [23], and results are shown in 
Figure 2.8. Based on search criteria, there has been very little India-specific DME related 
research done to date, and a stronger focus in the other countries is evident.  
A relative comparison between research into DME and other fuel types in the same 
countries was achieved by extending the literature search and including (“ethanol” OR 
“bioethanol”) and (“biodiesel”) as search terms. Results are depicted in Figure 2.9 and 
show that in India alternative fuels-related research has been largely focused on biodiesel 
on the one hand and ethanol on the other. In the other countries, research focus on these 
fuel types has also been stronger than on DME, but the relative difference has been 
smaller. 
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Figure 2.8 - Country-specific DME related research 
 
 
Figure 2.9 - Relative comparison of journal papers published 
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Affordability has been shown to be a critical consideration in the adoption of LPG as a 
cooking fuel, and it is assumed that the desirability of supporting a blending strategy will be 
strongly influenced by the cost at which DME may be produced. A key focus of the work 
on this PhD project is therefore to determine this cost as a function of different feedstock 
types used for this purpose. The prior discussion also showed that the production of 
increasingly cleaner liquid fuels was closely aligned with the goals of sustainable 
development. With a focus on dematerialisation and substitution, the work will focus on the 
resource utilisation efficiency associated with each feedstock type and, with recognition of 
the need to transition to a low carbon future, the CO2 footprint associated with the 
production process. The methodology followed to arrive at these answers is therefore 
strongly techno-economic in nature, and a summary of historical DME specific techno-
economic evaluations, segregated on the basis of feedstock type, geographic location, and 
end-use focus, is summarised in Table 2.1.  
From a geographic perspective, studies with a focus on Japan, China and Sweden were 
particularly well represented. However, and although all were focused on the production 
and use of DME, different approaches and mindsets are evident. For example, a large 
proportion of work in Japan focused on the viability of importing DME, produced from 
feedstocks (particularly coal and natural gas) from other countries whereas the utilisation 
of domestic coal as a DME feedstock features heavily in China-centric work. Similarly, 
work in Sweden is strongly represented by studies evaluating the use of Black Liquor and 
woody biomass from its forestry industry.  
When one considers the overall timeline, the use of natural gas and coal is a feature of 
early work. From 2009 onwards the consideration of biomass and waste products (such as 
coke oven gas and MSW), and the use of poly-generation systems (aimed at reducing 
cost, but also carbon footprint), appears to become more pronounced.  
Table 2.1 also highlights a difference in end-use focus. For example, the focus in Japan 
was largely on the use of DME as a fuel for cooking, transportation and power generation 
whereas, in China, the work was mostly aimed at understanding the merits of using DME 
for cooking and transportation. The focus of work in Sweden, Denmark, Netherlands, 
Canada and the USA was almost entirely on the use of DME as a future transportation 
fuel.
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Table 2.1 - Summary of DME specific techno-economic evaluations 
Reference Year 
Country or  
Region 
End 
Use  
Focus 
Feedstock Type 
Feedstock detail 4 
Coal 
Natural 
Gas 
BM CO2 H2 Other 
[80] 1999 N/S N/S 
 
✓ 
    
Natural gas 
[81] 2000 Japan C, T, P ✓ 
     
Remote production, high-quality Australian coal 
[82] 2001 Japan TBD 
 
✓ 
    
Remote production, natural gas 
[83] 2001 Japan TBD ✓ ✓ 
   
✓ Petcoke, asphalt, natural gas, coal 
[84] 2001 Japan C, T, P 
 
✓ 
    
Remote production, natural gas 
[85] 2001 China C, T, P ✓ 
     
High-grade Chinese coal, EFG 
[86] 2002 Japan C, T, P 
 
✓ 
    
Remote production, natural gas 
[87] 2002 N/S 
  
✓ 
    
Natural gas 
[29] 2003 China C, T ✓ 
     
 High-grade Shandong coal, EFG 
[88] 2003 Japan C, T, P ✓ 
     
Remote production, coal 
[89] 2003 Japan C, T, P 
 
✓ 
    
Remote production from natural gas 
[90] 2003 China C, T ✓ 
     
High-grade Shandong coal, EFG 
[28] 2004 China C ✓ 
     
High-grade Shandong coal, EFG 
[91] 2004 Japan C, T, P 
 
✓ 
    
Remote production, natural gas 
[92] 2004 Japan N/S 
 
✓ 
    
Remote production, natural gas 
[93] 2006 USA P, O ✓ 
     
Pittsburgh #8 coal, EFG 
[94] 2005 Netherlands N/S 
 
✓ 
    
Co-production of DME and power from natural gas 
[95] 2006 China N/S 
 
✓ 
    
Co-production of DME and power from natural gas 
[96] 2007 China T 
 
✓ 
    
Natural gas 
[97] 2008 China N/S ✓ ✓ 
    
Natural gas, medium grade Luzhou coal, EFG 
[98] 2009 USA C, T 
  
✓ 
  
✓ Black liquor – EFG, Woody biomass – FBG 
[99] 2009 USA C, T 
  
✓ 
  
✓ Black liquor – EFG, Woody biomass – FBG 
[100] 2009 USA T 
  
✓ 
   
Switchgrass, FBG 
[101] 2009 China C 
  
✓ 
   
Corncob, combined pyrolysis/gasification 
[102] 2009 China T ✓ ✓ 
    
Natural gas, high-grade Liupanshui coal, EFG 
[103] 2010 N/S T 
  
✓ 
   
Woody biomass, FBG 
[104] 2010 N/S C, T 
  
✓ 
   
Woody biomass, EFG, FBG 
Abbreviations: BM = Biomass, MSW = Municipal Solid Waste, N/S = Non-Specific, C = Cooking Focus, T = Transport Focus, P = Power Focus, O = Other Focus, BL = Black Liquor, 
EFG = Entrained Flow Gasification, FBG = Fluidised Bed Gasification, PG = Plasma Gasification, U = Unknown   
                                            
4 In this table, high grade coal has a LHV greater than 25 MJ/kg, medium grade coal a LHV of 20 MJ/kg to 25 MJ/kg and low-grade coal a heating value lower than 20 MJ/kg. 
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Table 2.1 - Summary of DME specific techno-economic evaluations (continued) 
Reference Year 
Country or  
Region 
End 
Use  
Focus 
Feedstock Type Feedstock detail 
Coal 
Natural 
Gas 
BM  CO2 H2 Other 
 
[105] 2010 Europe T 
  
✓ 
   
Woody biomass, EFG, FBG 
[106] 2011 Sweden T 
  
✓ 
   
Woody biomass, FBG 
[107] 2011 Canada T 
  
✓ 
   
Woody biomass, FBG (x2) 
[108] 2011 China C, T 
  
✓ 
   
Pine, FBG 
[109] 2011 Sweden T 
  
✓ 
   
Woody biomass, FBG 
[110] 2012 N/S T ✓ ✓ 
    
Natural gas, coal, EFG 
[111] 2012 Sweden T 
  
✓ 
  
✓ Black liquor – EFG, Woody biomass – FBG 
[112] 2013 Sweden T 
  
✓ 
   
Woody biomass, EFG 
[113] 2013 Sweden T 
  
✓ 
   
Woody biomass, EFG 
[114] 2014 China U 
  
✓ 
   
- 
[115] 2014 Denmark T 
  
✓ ✓ ✓ 
 
Mixed biomass, electrolytic H2, fermentation CO2 
[116] 2014 Sweden T 
  
✓ 
   
Woody biomass, FBG 
[117] 2014 Sweden T 
  
✓ 
   
Woody biomass, FBG 
[118] 2014 China U 
  
✓ 
   
- 
[119] 2014 USA T ✓ ✓ 
    
Natural gas, high-grade Illinois #6 coal, EFG 
[120] 2014 N/S T 
  
✓ 
   
Woody biomass, FBG 
[121] 2014 Korea U ✓ 
     
- 
[122] 2015 Netherlands T 
  
✓ 
   
Lignocellulosic biomass, furane pathway 
[123] 2015 China N/S ✓ 
    
✓ Coke oven gas, high-grade Chinese coal, FBG 
[124] 2015 Canada T 
 
✓ 
   
✓ Natural gas, petcoke EFG 
[125] 2015 N/S N/S 
  
✓ 
   
Switchgrass, FBG (x2) 
[126] 2015 Sweden T 
  
✓ 
   
Woody biomass, FBG 
[127] 2015 UK T 
     
✓ Residual MSW, thermal gasification, PG 
[128] 2015 UK T 
     
✓ Residual MSW, thermal gasification, PG 
[129] 2015 China N/S 
  
✓ 
   
Woody biomass,  
[130] 2016 Spain N/S 
   
✓ ✓ 
 
Electrolytic H2, CO2 from power plant flue gas 
[131] 2016 Canada T 
 
✓ ✓ 
  
✓ Natural gas, pinewood, petcoke 
Abbreviations: BM = Biomass, MSW = Municipal Solid Waste, N/S = Non-Specific, C = Cooking Focus, T = Transport Focus, P = Power Focus, O = Other Focus, BL = Black Liquor, 
EFG = Entrained Flow Gasification, FBG = Fluidised Bed Gasification, PG = Plasma Gasification, U = Unknown 
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2.6 Conclusion 
The overall scope and approach of the PhD project (summarised in Figure 2.10) shows 
that the research discussed subsequently will focus on understanding the techno-
economic merits of using DME, produced from three different domestic feedstocks, as a 
cleaner cooking fuel in India.  
 
Figure 2.10 - PhD project approach and scope 
Although the concept of the methanol economy is potentially significant, its long-term 
viability is yet to be demonstrated. In this context, and given a greater level of definition 
and certainty around liquid fuel demand in the nearer future, the work in this PhD will be 
time constrained to the year 2040. 
The specific techno-economic evaluation methodology followed in each case was 
somewhat feedstock dependent, and is discussed in more detail in subsequent chapters. 
In all cases however the process started with the selection of a (resource dependent) 
study location, followed by the review of technologies suited to the conversion of the 
specific feedstock into DME. Process plant mass and energy balances, based on the use 
of these technologies were then generated through simulation in Aspen Plus and 
combined with information found in academic literature and (public domain) information 
provided by technology providers. In the latter case, and where reliable prior work and 
information existed, this approach included the treatment of a technology block as a “black 
box” with known inputs and outputs, integrated into the overall plant simulation.   
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This approach holds the advantage of being able to build on work previously done by 
others, but the accuracy of results relies on the reliability of the work, and requires close 
attention to the “black box” interfaces. To give the reader a sense of the accuracy of the 
estimates, these interfaces, and other bases underpinning inputs, are specifically 
highlighted in subsequent chapters.  
As a final step, the mass and energy balances were used as a basis for further analysis 
which, in the context of the preceding discussion, was specifically focused on 
understanding the energy efficiency, carbon intensity and overall economics associated 
with the conversion of the specific feedstock into DME. For the assessment of carbon 
intensity, the approach was to focus on direct emissions produced within the plant 
boundary on the one-hand, and the product related emissions at the point of end-use on 
the other. The indirect emissions associated with feedstock extraction and product 
distribution and transport are therefore not evaluated in detail. It is recognised that this is a 
simplifying assumption, but it is expected that this contribution will be small compared with 
the combined plant and end-use emissions. This approach does however allow for the 
estimation of the overall carbon intensity once a specific plant location, relative to a 
feedstock supplier and target market, is known. 
For the economic assessment, the plant capital costs were determined through the 
capacity factoring of publicly available estimates done in the US, Europe and Australia, 
and converting these to an Indian equivalent through the use of location factors. This 
approach has an associated level of uncertainty and the estimates are, in the vernacular of 
the Association for the Advancement of Cost Engineering (AACE), deemed to be “Class 5” 
and at a “concept” level [132]. The accuracy range of estimates in this class may vary from 
-50% to +100%, and results should be viewed in this context. 
The combined work will add to an existing body of DME-related techno-economic 
research, from which India-specific studies have been largely absent. In this regard, and 
as a first feedstock, the use of low-grade Indian coal (discussed in Chapter 3) is selected 
for several reasons in addition to the motivation described in Chapter 1. Like China, India 
has modest amounts of natural gas but very large quantities of domestic coal [133]. Given 
the rapid growth of the coal-to-DME industry in China, it is posited that the production of 
DME using local Indian coal may be done at larger scale, and within a shorter timeframe 
than other feedstocks (such as biomass) which have not yet been extensively deployed.  
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The economic viability of this strategy is dependent on local factors (including coal quality, 
feedstock costs, capital costs, electricity prices, etc.) and an India-specific techno-
economic analysis is an extension of the analysis done in China [28, 29].  
Additionally, and as shown in Table 2.1, many prior (coal-specific) techno-economic 
studies were based on the use of high-grade coal, using entrained flow gasifiers. The 
quality of typical Indian coal is low and, as a later analysis (Chapter 3) will show, 
unsuitable for conversion through this gasification technology. The coal type and 
associated gasification technology are strong determinants of overall plant performance. In 
this respect, and beyond economic viability, it is expected that the work will result in an 
improvement in the technical understanding of low-grade coal to DME conversion. 
It is recognised however that the transition to a low-carbon future is vital and in this 
respect, the Indian Ministry of Renewable Energy has classified municipal waste as a 
renewable energy source. This vast resource, 80% of which is currently dumped at open 
sites, is largely unexploited and results in numerous health and environmental problems 
[21]. One study estimates that, in a BAU scenario, India will landfill or openly dump more 
than 740 million tonnes of MSW annually by the end of the next decade, and that the 
conversion of the MSW, collected in India’s five largest urban cities in 2012, could have 
produced more than 740 MW of electricity [30]. As an alternative, and consistent with the 
principles of the FSSD discussed in Section 2.2, Chapter 4 therefore investigates the 
production of DME from MSW generated in Kolkata. The composition of MSW is location 
specific and depends on a variety of factors including food habits, cultural traditions, 
climate, and other socio-economic factors [33, 34]. Beyond a Kolkata-specific economic 
evaluation, the technical results of this work will contribute to the wider body of scientific 
knowledge around the use of this feedstock type.  
As a further transition step to a lower carbon future, Chapter 5 investigates the use of 
electricity (combined with water and CO2) to produce DME. From a technical perspective, 
this study is focused on extending an emerging body of research aimed at understanding 
the merits of producing methanol through the utilisation of renewable electricity, combined 
with water and industrial CO2. Chapter 5 contains a detailed review of this emerging 
research and is, beyond an economic evaluation, also focused on identifying specific 
geographic areas in India most suited to this approach.  
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PART II: RESEARCH OUTCOMES 
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3 Can coal-derived DME reduce the dependence on solid 
cooking fuels in India? 
This chapter is the first of the three papers and addresses the second research objective 
of this thesis – to evaluate the viability of reducing the dependence on solid cooking fuels 
in India by using DME, derived from low-grade Indian coal. 
Grové, J., Lant, P. A., Greig, C. R., & Smart, S. (2017). Can coal-derived DME reduce the 
dependence on solid cooking fuels in India?. Energy for Sustainable Development, 37,   
51-59.5 
Abstract 
The Indian government is, in the interest of improved health and wellbeing, currently 
promoting and subsidising the replacement of solid cooking fuels with cleaner-burning 
liquefied petroleum gas (LPG). India is, however, a growing importer of LPG, the cost of 
which is strongly linked to the prevailing oil price, which makes this program vulnerable to 
oil price shocks. Dimethyl ether (DME) is a synthetic fuel which may be blended with LPG 
and, if produced from domestic Indian feedstocks, one way of potentially reducing this 
vulnerability. A techno-economic analysis of the use of low-grade Indian coal for this 
purpose is described in this paper, and the coal rich state of Jharkhand, where more than 
18% of households used coal as a cooking fuel in 2011, was chosen as a study area. Here 
it was found that, due to higher cooking energy efficiency, the production and use of the 
DME (together with an associated electricity export) could result in 36% less coal being 
consumed when compared with a scenario where coal is used as a cooking fuel and as a 
means of producing an equivalent amount of electricity. This analysis further shows that 
the cost of producing DME through this means would likely require oil prices in excess of 
$73 per barrel to be cost competitive with imported LPG. 
                                            
5 Please note that in the interest of consistency, and to allow for a meaningful comparison between different other thesis 
chapters, the analysis in this chapter contains some minor differences in assumptions when compared with the original 
paper. These changes included adjusting the assumed CEPCI from the value for April 2016 to the 2016 average, 
assuming an LPG lower heating value of 45.7 MJ per kg (cited by an Indian LPG provider) compared with an average 
value of 46.6 MJ per kg originally assumed and a small modelling correction. In the original version, the overall process 
efficiencies were slightly (less than 1%) lower. The breakeven oil prices of the RC configuration changed by $1 per barrel 
and the OT configuration by $5 per barrel and main conclusions and learnings from the original paper did not change in 
any meaningful way. 
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3.1 Introduction 
Globally, there are approximately 1.4 billion people without access to electricity and 2.7 
billion people who rely on solid fuel (wood, crop residue, dung and coal) for cooking [11]. 
The use of these traditional cooking fuels creates a number of significant problems which 
includes deforestation and an estimated 4 million attributed deaths annually due to the 
negative health effects associated with indoor air pollution [11, 134].  
In addition, the labour and time intensive collection of traditional fuels often occurs at the 
cost of more productive activities and contributes to gender inequality [2]. Improving 
energy access as a means of addressing these problems in developing countries has 
been high on the agenda of the international community for some time. Most recently, this 
resulted in the announcement of the United Nations Sustainability for All (UNSE4All) 
initiative, with key objectives of achieving global electricity access, and a primary reliance 
on non-solid fuels for cooking  by 2030 [135]. In this context, various governments, 
including China, India, Guatemala, Indonesia, Kenya, Pakistan, Sri Lanka, Albania, Brazil, 
Mexico and Peru, have instituted programs aimed at replacing solid fuels with liquefied 
petroleum gas (LPG) [13, 14, 16-18]. These countries currently represent more than 45% 
of the world’s total population. 
In 2011, more than 67% (or 165.8 million) of Indian households still relied on the use of 
solid fuels for cooking, compared with approximately 74% (or 142.6 million) in 2001. 
Approximately 28.5% of the country’s population had transitioned to the use of LPG (and 
piped natural gas (PNG)), and only 0.2% of the population used electricity for this purpose 
[45]. The vast majority of India’s LPG consumption is supplied through imports (either as 
final product LPG or as imported crude oil) [136] and some studies [52] suggest that the 
demand for petroleum products is expected to increase more than fourfold between 2011 
and 2031 and that by 2031 India would be 90% dependent on oil imports, compared with 
74% in 2011. 
The price of LPG is strongly linked to the prevailing crude oil price, and the cost is high 
when compared with traditional fuel alternatives [13]. As a result, the Indian government 
subsidises the provision of LPG to make it affordable to a greater part of the population 
and protect them against oil price volatility.  
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The LPG price is regulated by the Government through its controlling share in public oil 
marketing companies (OMCs) and subsidised through a mechanism by which the OMC’s 
are reimbursed for the difference between the cost price and regulated price [137]. This 
cost difference is referred to as an LPG under-recovery, the extent of which is depicted in 
Figure 3.1, together with the Saudi Aramco LPG price and the Indian Basket crude oil 
price.  
 
Figure 3.1 - Indian petroleum price comparisons 
The impact of oil price volatility on the LPG price and under-recovery is clear to see. At 
high oil prices, the cost may be significant, and in 2012/2013 the total LPG-related subsidy 
was approximately 2.7% of the total budget, and almost twice the (non-plan) amount spent 
on social services (which included education, health, broadcasting, etc.) [137, 138]. 
The uptake of LPG as a cleaner cooking fuel is also dependent on the reliability of supply 
[13], and any operational disruption resulting in LPG shortages has a much more 
immediate effect on households. One of the consequences of these disruptions may also 
be a return to the use of solid fuels, as evidenced by recent events in Nepal where a 
blockade on petroleum (and other imports) resulted in a sudden jump in the demand for 
firewood and an increase in deforestation [139].  
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One strategy of reducing the impact of LPG price volatility and supply disruption may 
include the substitution of imported LPG with a non-crude-oil derived equivalent, produced 
through the use of domestically available alternative feedstock. Dimethyl ether (DME) has 
properties similar to LPG and may be produced from a variety of different feedstock types 
including natural gas, coal, biomass, municipal solid waste (MSW) and CO2 [28, 73]. It is 
therefore particularly attractive in this regard.  
DME is suitable for a wide variety of different applications, which includes use as an 
aerosol propellant, diesel fuel substitute, gas turbine fuel and a number of studies have 
shown that the use of LPG / DME fuel blends containing up to 20% are completely 
compatible with existing LPG cooking devices, without modification [23]. In 2000, the total 
global production of DME was estimated at 150,000 tonne per year [28] but increased 
more than 30-fold by 2012, with the consumption of DME amounting to approximately 4.8 
million tonne per year [140]. This growth was largely driven by increased consumption in 
Northeast Asia, and specifically China, and the production underpinned by the use of coal 
(primarily) and natural gas [140]. Approximately  90% of the produced DME was blended 
with LPG, with the remainder used for refrigeration or as a propellant [23]. 
Unlike China, there are currently no known commercial DME production facilities 
operational in India where its use is very limited. India had, however, as early as 1998, 
been identified as a prospective market for DME by a joint venture comprising Amoco, the 
India Oil Company (IOC) and the Gas Authority of India (GAIL). The joint venture was 
interested importing DME produced in countries with large gas resources (such as Qatar) 
and using it to generate power, replace diesel with a cleaner burning alternative and blend 
it with LPG for cooking fuel use. Amoco merged with British Petroleum (BP) in late 1998 
however, after which the resulting company (BP Plc) terminated the project to pursue more 
favourable gas related ventures [23].  
There has been a resurgence in the interest in DME in recent times, and the Indian and 
Australian Governments are currently engaged in a joint research program aimed at 
informing the development of small scale plants which may produce DME from remote and 
stranded natural gas [141]. This research is focused on improving the conversion 
efficiency of the DME production process to make the use of these gas resources, 
currently challenged by high capital costs and low economies of scale, economically 
viable.  
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Broadly speaking, the objective of this initiative is similar to that of an emerging industry 
which is focused on monetisation of natural gas resources (stranded due to remoteness 
and/or lack of scale) through small scale gas-to-liquid (or so-called miniGTL) plants [142].  
Once proven to be commercially viable, these plants may not only unlock the value in 
small scale gas reserves but also improve the chances of producing DME from feedstocks 
such as biomass and MSW, the cost of which is similarly challenged by economies of 
scale. This is an exciting development and considered to be an area worthy of future 
investigation. 
A study [29] of the use of DME as a clean cooking fuel determined that LPG equivalent 
cost of producing DME from coal in the Yanzhou City area (Shandong Province) was 
comparable with the prevailing LPG wholesale price. An extension of this work [28] 
concluded that for China’s coal rich provinces, which are mostly located inland and a great 
distance from sea-borne import terminals, the production of coal-derived DME became 
cost competitive with imported LPG at oil prices between $20 to $26 per barrel (compared 
with an oil price of $24 per barrel at the time). Another outcome was that, due to a 
difference in cooking device efficiency, the co-production of DME and electricity in a coal 
to fuels facility could result in a 25% reduction in the amount of primary coal needed to 
meet an equivalent demand of cooking energy plus electricity. Lastly, in contrast to 
standard coal-fired power production, a coal-to-DME facility will produce a sizeable high 
purity CO2 stream (in one case containing 28.8% of the carbon present in the feed coal 
[143]), which may be sequestered if and when carbon storage technology becomes 
available.    
Like China, India has modest amounts of natural gas but very large quantities of domestic 
coal [133]. Given the rapid growth of the coal-to-DME industry in China, it is therefore 
posited that the production of DME using local Indian coal may be done at large scale and 
within a relatively short timeframe. Other feedstocks such as biomass and MSW have not 
seen such extensive deployment elsewhere, and hence we have chosen to focus on the 
coal to DME opportunity where the experience in China verifies the potential for rapid 
deployment. Other feedstocks will be examined in future studies.  
In this case, it may, therefore, be one strategy worth considering in the context of reducing 
energy poverty through the replacement of solid cooking fuels, whilst catalysing local 
economic growth, and reducing the dependence on imported LPG.  
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The economic viability of such a strategy will, however, depend on India-specific factors 
(including coal quality, feedstock costs, capital costs, electricity prices, the cost and 
logistics associated with LPG transport). In this paper, we conduct an India-specific 
techno-economic analysis which considers these different elements and is seen as an 
extension of the analysis done in China [28, 29, 143]. 
3.2 Study area 
The relative location of India’s coal resources (more than 95% of which is located in the 
states of Jharkhand, Odisha, Chhattisgarh, West Bengal, Madhya Pradesh and Andhra 
Pradesh) [144] and facilities currently importing or producing LPG [136] are shown in 
Figures 3.2 and 3.3. Also depicted is the relative retail price associated with different 
regions [145], as well as proportion of households which had transitioned to the use of 
LPG [146]. 
 
Figure 3.2 - Retail LPG prices in August 2015 
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Figure 3.3 - Relative proportion of households using LPG  
It is noteworthy that some of the coal bearing states (particularly Jharkhand) are among 
those where the retail cost of LPG is the highest and where the number of households 
using LPG is among the lowest. Table 3.1 contains a summary of primary cooking fuels 
used in households in these states in 2011 [147] and shows that, except for Andhra 
Pradesh, the use of solids fuels was higher than average for India. The use of coal as a 
cooking fuel was particularly high in West Bengal and Jharkhand. 
Table 3.1 - Primary fuels used for cooking in India in 2011 
Geographic 
area 
Total 
number of 
households 
Type of Fuel used for Cooking 
Coal, 
Lignite, 
Charcoal 
Other solid 
fuels a 
Kerosene LPG/PNG Electricity Other b 
India 246,740,228 1.4% 65.8% 2.9% 28.5% 0.1% 1.2% 
Andhra Pradesh 21,024,534 0.3% 58.8% 3.8% 35.8% 0.1% 1.2% 
West Bengal 20,067,299 7.9% 68.6% 2.1% 18.0% 0.1% 3.3% 
Madhya Pradesh 14,967,597 0.2% 79.7% 1.3% 18.2% 0.0% 0.6% 
Odisha 9,661,085 1.6% 84.6% 1.1% 9.8% 0.4% 2.4% 
Jharkhand 6,181,607 18.1% 68.8% 0.2% 11.7% 0.3% 0.9% 
Chhattisgarh 5,622,850 2.3% 85.4% 0.5% 11.2% 0.1% 0.5% 
 
Notes: 
a. Other solid fuels include fire-wood, crop residue and cowdung cake. 
b. Any other also includes biogas as well as no fuels used for cooking.   
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Approximately 26% of India’s coal is located in Jharkhand. Here, approximately 86.9% of 
households still relied on the use of solid cooking fuels, and 18.1% used coal for this 
purpose. The data further shows that more than 31% of all Indian households that used 
coal, lignite and charcoal for cooking were located in Jharkhand. If one assumes an 
average LPG equivalent cooking energy requirement of 22 kg per person per year in India 
[15], and that cooking with LPG is 60% efficient compared with 20% when cooking directly 
with coal [28], then this translates into an equivalent coal consumption of approximately 
1.2 million tonnes per year6. The environmental and health hazards associated with using 
coal-converted DME as a clean cooking fuel in China were found to be less than using 
coal as the cooking fuel [29]. For these reasons, this study will consider the construction of 
a coal-to-DME facility in Jharkhand as a basis. 
3.3 Low-grade coal to DME process simulation 
DME may be produced from solid feedstock (including municipal solid waste, biomass or 
coal) via two typical process routes. The first process route (Figure 3.4) involves gasifying 
the feed to produce a synthesis gas (syngas), adjusting the syngas H2 to CO ratio to 
roughly 2:1 through a water-gas shift (WGS) reactor, removing CO2 and sulphur 
components from the syngas, converting the resulting sweet syngas into methanol as an 
intermediate product, and then dehydrating the methanol to yield DME (and water). The 
vast majority of global DME is produced via methanol as an intermediate product, and 
large scale commercial methanol to DME plants typically have design capacities of 
100,000 tonne per year or larger [148].  
 
Figure 3.4 - Solid feedstock to DME block flow diagram 
                                            
6 Assumes a lower heating value for coal of 15.6 MJ per kg, typical of the North Karanpura resource, and a population of 
33 million in 2011 (as per 2011 India census data) 
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The methanol synthesis reaction (CO + 2H2  CH3OH) may be accomplished to almost 
the extent predicted by chemical equilibrium [29], and processes aimed at maximising 
methanol production require that methanol be removed from the reactor product, leaving 
an unconverted syngas stream, most of which is recycled  back to the reactor inlet. In this 
configuration, a small stream is purged (and used for power generation) to avoid the build-
up of inerts (e.g. CH4 or N2) in the system. This configuration is referred to as the recycle 
configuration (RC) in a number of prior publications [29, 149, 150], and an alternative 
configuration, in which none of the unconverted syngas is recycled, is referred to as the 
once-through (OT) configuration. For a similar feedstock quantity, the OT configuration 
produces more power and less fuel, and previous studies [28] indicated that this was the 
most economical approach to producing DME under the prevailing circumstances in 
China. The outcome of a comparison between the RC and OT configuration is however 
highly dependent on several local factors and, when the revenue generated through the 
sale of electricity is counted as a credit, the prevailing electricity price. 
The second process route (called the single-step process) uses the same unit operations 
to produce a sweet syngas, but in this case, the H2 to CO ratio of the syngas is adjusted to 
roughly 1:1 and converted directly into DME, thereby avoiding the intermediate production 
of methanol. Although demonstrated at small scale, there are no commercial plants using 
this process route operational today. Further development of single-step DME production 
is currently being pursued by Linde (Germany) [151] and Kogas (Korea) [152]. A number 
of prior studies have assumed the production of DME through direct synthesis [29, 143, 
149]. Using mature technologies, proven at commercial scale, to the maximum extent 
possible is a key design philosophy in this study which therefore assumes the production 
of DME via methanol. All of the technologies downstream of the gasifier fall into this 
category. There are however no large scale commercial coal gasification plants 
operational in India presently. Coal quality is a key to selecting an appropriate gasification 
technology, which in turn determines the design and operating requirements for the feed 
preparation circuit. In this context, India’s thermal coal resources have been characterised 
as being highly reactive and having high ash fusion temperatures. Approximately 80% of 
India’s coal resources contain between 30% and 50% ash [153]. Coal from the North 
Karanpura resource in Jharkhand (composition shown in Table 3.2) has high ash 
deformation (oxidising and reducing) temperatures (> 1482 °C) and also fits this 
description [154].  
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Table 3.2 - North Karanpura coal properties  
Property Value 
Ultimate Analysis 
C (daf %) 74.5% 
O (daf %) 18.3% 
H (daf %) 4.9% 
N (daf %) 1.5% 
S (daf %) 0.7% 
Cl + F (daf %) 0.1% 
Ash (wt%) – ROM 37.4% 
Moisture (wt%) – ROM 6.6% 
Lower heating value (LHV) 15.6 
 
Entrained flow gasifiers are used in approximately 94% of the coal-to-chemicals (and liquid 
fuels) plants currently operational [155], but generally requires coal with ash contents less 
than 20% to 25% [156], and low ash melting points, and are therefore generally not 
suitable for use with typical Indian coal [157, 158]. The use of fluidised bed gasifiers is 
however suitable for this purpose [158, 159]. 
The largest scale fluidised bed gasifier currently in service is based on the so-called U-Gas 
technology and operates at a pressure of 10 bar. Initially developed by the Gas 
Technology Institute (GTI), this technology has been commercialised by Synthesis Energy 
Systems (SES) in two coal-to-methanol plants in China using coal with ash contents 
ranging between 30% and 45% [156, 160]. It has been reported [160] that recent 
technology advancements have resulted in carbon conversions of up to 98% and cold gas 
efficiencies of up to 80% [160]. Although not currently operational in India, trials conducted 
by GTI have confirmed that this technology is suitable for the gasification of high ash 
Indian coal [158]. Another potential candidate is the so-called High Temperature Winkler 
(HTW) gasification technology, promoted by Thyssen Krupp Uhde, who have estimated 
that carbon conversions of 93% and cold gas efficiencies greater than 75% were expected 
in the gasification of high ash Indian coal [159]. 
Aspen Plus was used to simulate a process plant operating in both the OT and RC 
configurations, and a description of the modelling approach and summary process flow 
diagrams for these may be found in Appendix A. Based on the estimated quantity of coal 
currently used for cooking in Jharkhand, the plant size was limited to the conversion of 1.2 
million tonnes per year. The plant design included facilities to clean-up and compress high 
purity CO2 produced in the process (thereby making it sequestration ready), and the power 
required to do so is accounted for in the calculation of overall process efficiency.  
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The coal properties of the North Karanpura coal are, aside from ash quantity and moisture, 
similar to the properties of Beluga coal (Alaska), which formed the basis of a coal-to-
methanol plant feasibility study [161] completed in 1981. This work (with a stated cost 
estimate accuracy of ± 20%) assumed the use of a HTW fluidised bed gasifier (operating 
at 10 bar and 1150°C) and was therefore used to validate the Aspen gasification model, 
and to design the feed preparation and gasification plant used in this study.  
A large part of the remainder of the plant, including the WGS, Acid Gas Removal (AGR) 
and methanol synthesis sections  was based on a configuration proposed by Larson et al. 
[29]. As such, it assumed the use of the Selexol™ process (licensed by Honeywell) as an 
AGR technology and the use of the Claus™ and SCOT™ technologies (respectively 
licensed by Linde and Shell) to recover elemental sulphur. The methanol-to-DME 
conversion plant was not modelled explicitly, and the estimated yield and utility 
consumption for the DME synthesis plant was based on figures from a technology provider 
[148].  
3.4 Plant performance and resource utilisation efficiency 
A high-level summary of the overall plant mass and energy balance (Table 3.3) shows that 
an overall process efficiency of approximately 52% is expected for the RC case and 42% 
for the OT case. Both cases produce a significant amount of exportable power. The use of 
internal power is dominated by the Air Separation Unit (ASU), and syngas and CO2 
compressors, which is common to both circuits. In absolute terms, the RC configuration 
produces around 944 tonnes per day of DME and 39 MW of exportable electricity. In 
contrast, the OT configuration produces around 389 tonnes per day of DME and 154 MW 
of exportable electricity.  
If one assumes an annual plant availability of 85%, and a per-capita cooking energy 
requirement equivalent to 22 kg per year of LPG, then the RC configuration can supply the 
yearly needs of 8.4 million people and the OT configuration the needs of 3.4 million 
people, in addition to the exportable electricity.  
A determination of the relative amount of coal that may be consumed if converted into 
DME (and co-producing electricity), as opposed to being directly used as a cooking fuel 
and generating an equivalent amount of electricity in an external power plant, is described 
in Table 3.4.  
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Table 3.3 - Coal to DME plant simulation results 
Case Recycle 
Once 
Through 
Feed Metrics a 
Coal feed rate (tonne per day) 3,731 3,731 
Combined feed energy content (MW LHV) 672 672 
Oxygen feed (tonne per day) 1,450 1,450 
Main Product Metrics a 
Ash / Char rate (tonne per day) 1,507 1,507 
Intermediate methanol rate (tonne per day) 1,314 541 
DME rate (tonne per day) 944 389 
DME energy content (MW) 314 129 
Rate of high purity CO2 produced (tonne per day) 2,813 2,813 
Rate of CO2 in flue gas streams (tonne per day) 631 1,714 
Total CO2 produced (tonne per day) 3,444 4,526 
Electrical Power 
Consumed b 
ASU (plus O2 compression) 20.2 20.2 
Gasification 4.6 4.6 
Syngas compression 16.0 16.0 
AGRU and CO2 compression 11.5 11.5 
Recycle gas compression 2.8 0.0 
Methanol synthesis 1.0 0.4 
DME synthesis 0.4 0.2 
Ancillary plant 2.5 3.1 
Power consumed internally (MW) 59.2 56.1 
Electrical Power 
Produced and 
Exported 
Gas turbine 46.4 126.3 
Syngas expander 0.7 2.7 
Steam turbine 50.8 81.3 
Total power produced 97.9 210.2 
Net power exported (MW) 38.7 154.1 
Efficiency Metrics 
Electric efficiency (%) c 5.8% 22.9% 
Fuel efficiency (%) d 46.7% 19.2% 
Total efficiency (%) 52.5% 42.2% 
Carbon footprint 
metrics 
Plant CO2 captured (tonne per year per MW exported energy) e 2,476 3,080 
Plant CO2 not captured (tonne per year per MW exported energy) 555 1,877 
 
Notes: 
a. Derived through Aspen simulation.  
b. The determination of power production and consumption is based assumptions listed in Appendix B. 
c. Electric efficiency is the ratio of net electricity divided by the energy content in the feed. 
d. Fuel efficiency is the ratio of the energy content of the produced DME divided by the energy content in the feed. 
e. Total exported energy is the sum of the energy contained in DME and the energy contained in electricity (MWe). 
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Table 3.4 - Resource utilisation associated with replacing coal as a solid cooking fuel 
Cases Recycle a Once Through a 
Primary cooking fuel Coal c DME b Coal c DME b 
Total electricity required (MWe) 39 39 154 154 
Total cooking energy required (MW) 188 188 78 78 
Cooking appliance efficiency (%) 20.0% 60.0% 20.0% 60.0% 
Fuel Supplier 
Electricity produced (MWe) 0 39 0 154 
Fuel produced (MW) 941 314 388 129 
Coal feed rate (MW) 941 672 388 672 
External Power 
Plant 
Coal to electricity conversion efficiency (%) d 37.0% 37.0% 37.0% 37.0% 
Electricity produced (MWe) 39 0 154 0 
Coal feed rate (MW) 105 0 416 0 
Total coal feed rate (MW) 1046 672 804 672 
Total coal feed rate (MW) relative to the base case 1.00 0.64 1.00 0.84 
 
Notes 
a. The “Coal” case assumes the use of coal as a cooking fuel and as a means of generating electricity (providing 
the same amount of cooking energy and electricity as the “DME” case) 
b. In the “DME” cases, the quantities of fuel and electricity produced, and coal feed rates are taken from Table 3.3. 
The total cooking energy required is calculated by multiplying the fuel produced by the cooking appliance 
efficiency (60%) and the total electricity required is equal to the electricity produced by the DME facility. 
c. The cooking coal feed rate for the “Coal” cases is calculated by dividing the total cooking energy required by the 
cooking appliance efficiency (20%). Similarly, the coal feed rate required by an external power plant is 
calculated by dividing the total electricity required by the power plant efficiency (37%).  
d. This efficiency is an approximate estimate for using an IGCC configuration which captures an equivalent 
proportion of CO2 as the OT and RC cases. 
 
The results show that based on these assumptions, an overall reduction in coal 
consumption of 36% looks likely in the recycle case as opposed to a 16% reduction in the 
once-through case. 
3.5 Economic assessment 
An assessment of the cost of producing DME using North Karanpura coal through both the 
RC and OT configuration is shown in Table 3.5. The results show that the RC and OT 
configurations will likely result in equivalent overall capital costs. The per-unit production 
cost associated with the RC configuration is however substantially lower than the 
equivalent cost associated with the OT configuration and is due to differences in the DME 
production rate and revenue obtained through power generation. Higher electricity prices 
will result in the economics of the OT system becoming more favourable, and the break-
even point between the RC and OT configurations is estimated at approximately $66 per 
MWh (Figure 3.5). The range of recent Indian power purchase agreement electricity sales 
prices [162] is represented by the dotted lines in Figure 3.5. 
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Table 3.5 - Production cost estimates 
Production cost estimates Recycle Once Through 
Capital cost a 
(Million US$ - 2016) 
Feed Preparation 72 72 
Gasification 115 115 
ASU (incl. O2 and N2 compression) 56 60 
Syngas Compression 12 12 
Sour Water Gas Shift 5 5 
Acid Gas Removal 48 48 
Sulphur Recovery 9 9 
CO2 Drying / Compression 16 16 
Methanol Synthesis 104 26 
DME Synthesis 82 36 
Power Generation 90 157 
Total overnight cost (TOC) – US 608 557 
Total overnight cost (TOC) – India 620 568 
Interest during construction 76 70 
Total capital investment (TCI) 696 638 
Annual production cost  
(Million US$ - 2016) 
Capital cost b 100 91 
Feedstock cost c 9 9 
O&M d 25 23 
Electricity e -14 -55 
Total annual production cost 120 68 
Production cost metrics 
Fuel cost ($ per tonne DME) 408 566 
LPG equivalent cost ($ per tonne LPG) f 650 900 
Breakeven oil price ($ per barrel) g 73 105 
 
Notes 
a. The methodology and assumptions used in the determination of the capital costs are shown in Appendix C. 
b. Assumes a capital charge rate of 14.3%, which is based on assumptions used for the calculation of the 
generation cost of thermal power plants in India (which included a debt to equity ratio of 70:30, 10% debt 
interest rate, 15% return on equity, a 25-year economic life and a depreciation of 5.28% per year) as well as a 
35% tax rate [163]. 
c. Assumes a coal cost of $ 7.70 per tonne [164] 
d. The annual non-fuel operating cost was assumed to be 4% of the overnight installed capital cost [149]. 
e. Assumes an electricity sales price  of $47.60 per MWh (which is equivalent to the average price negotiated in a 
long term power purchase agreement (PPA) recently negotiated in Jharkhand [162]. 
f. This is the DME price multiplied by the ratio of the LHV’s of DME (28.7 MJ per kg) and of LPG (45.7 MJ per kg). 
g. This is the oil price at which the energy equivalent cost of the domestically produced DME becomes equal to the 
cost of LPG delivered to import terminals. This price is referred to as the Refinery Transfer Price (RTP) which is 
paid by Oil Marketing Companies (OMC’s) to refineries. It is an import parity price, and determined by the 
prevailing weighted average Saudi Aramco contract price for propane (40%) and butane (60%) in the Arabian 
Gulf, the cost of ocean freight from the Arabian Gulf to ports in India and customs duty and import charges 
[145]. The historical (yearly average) relationship between the LPG RTP and the Indian Basket oil price (at an 
average shipping cost of $35 per tonne) shows a linear relationship (with a correlation coefficient of 0.975), 
where the 𝐿𝑃𝐺 𝑃𝑟𝑖𝑐𝑒($ 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒) = 7.8435 ∗ 𝐼𝑛𝑑𝑖𝑎𝑛  𝐵𝑎𝑠𝑘𝑒𝑡 𝑂𝑖𝑙 𝑃𝑟𝑖𝑐𝑒 + 77.24. 
h. All annual costs assumes an operating capacity factor of 85% [149] 
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Figure 3.5 - Comparative break-even prices for the RC versus OT configuration 
At each end of this range, DME produced through the RC configuration will require oil 
prices between $71 and $79 per barrel to become cost competitive with imported LPG. 
Similarly, the OT configuration would require oil prices between $85 and $161 per barrel. 
The current Indian Basket oil price (August 2017) is in the order of $50 per barrel, which is 
significantly below the indicated break-even prices. The breakeven price range determined 
for the RC configuration is however well below a historically high oil price of $132 per 
barrel (recorded in July 2008). 
Table 3.5 shows that the recovery of the capital investment is responsible for most of the 
overall production cost, and variations in this number will, therefore, have a large impact 
on the overall economics. In this context, It has been pointed out that capital estimates 
determined through the scaling of costs found in open literature (such as the one in this 
study) may underestimate actual costs by a significant margin, and examples are cited 
where the actual costs of two IGCC plants in the US exceeded estimates based on 
publicly available National Energy Technology Laboratory (NETL) data by 67% and 122% 
respectively  [165].The green dotted line in Figure 3.6 illustrates the impact of a 67% 
increase in the capital cost of the RC configuration. 
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Figure 3.6 - Impact of a variation in capital cost and coal feedstock price 
In this case, historically high oil prices would almost be required for domestically produced 
DME to become cost competitive with imported LPG. The study results should be viewed 
in this light. The relationship between the breakeven oil and coal price is also depicted in 
Figure 3.6 and shows the impact of an equivalent increase in the coal cost will be 
significantly less than an equivalent variation in capital expenditure. 
3.6 Conclusions 
The objective of this paper was to perform a techno-economic evaluation of the use of low-
grade Indian coal to produce DME as a means of augmenting or replacing imported LPG. 
There are currently no DME production facilities operational in India, and the work is aimed 
at contributing to an existing body of work [28, 29, 143, 150, 166-168], which is 
geographically focused in China and the USA. 
The production of DME from North Karanpura coal was modelled using Aspen Plus and 
the subsequent analysis showed that the production of DME from North Karanpura coal in 
a recycle configuration was expected to result in an overall energy efficiency of 
approximately 52%, and require oil prices in the region of $73 per barrel to break even with 
imported LPG.  
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The modelled DME production process is also expected to generate excess electricity 
which may be exported. It is estimated that providing this electricity, and using the 
produced DME as a cooking fuel, will result in 36% less coal being consumed when 
compared with a scenario where coal is used as a cooking fuel and as a means of 
producing an equivalent amount of electricity. DME (and electricity) produced in a once-
through conversion process is expected to result in an overall energy efficiency of 
approximately 42%, require oil prices in the region of $105 per barrel to break even with 
imported LPG and, if used for cooking, result in an overall decrease in coal consumption of 
16%.  
In 2011, approximately 18% of households in Jharkhand used coal as a cooking fuel. The 
quantity needed for this purpose (assuming an energy content typical of coal from the 
North Karanpura resource) was approximately 1.2 million tonnes per year. Converting an 
equivalent amount in a DME production facility could result in the substitution of 
approximately 184,000 tonnes per year of imported LPG. This production is equivalent to 
more than 1.7% of LPG produced in India (from both indigenous oil and gas resources and 
imported crude oil) in 2013 / 2014 and therefore a relatively large contribution from a single 
plant. Stated differently, and if one assumes an annual consumption of 22 kg per person 
per year [15] and that Jharkhand’s entire current population (32.9 million people) has 
converted to using LPG as a cooking fuel, then this plant would be able to supply 
approximately 26% of the state’s cooking fuel requirement. 
Whilst it is technically feasible to replace LPG with neat (i.e. 100%) DME, it is likely that 
this will require some changes in distribution infrastructure and end-use devices (seal 
materials, gas regulators, etc.) typically associated with the use of LPG. To avoid this, a 
more pragmatic approach would be to blend the DME with LPG up to a limit of 20% (by 
volume) below which no such changes are necessary. In this case, the outlined production 
scenario would require an overall blended fuel market penetration equivalent to 
approximately 69 million consumers and make export to adjacent states necessary. The 
adjacent state of West Bengal, with a current population of approximately 90 million 
people, and where 7.9% of the population used coal as a cooking fuel in 2011, may 
potentially be one target market of interest in this regard.  
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From a geographic perspective, India’s coal resources overlap with areas where the 
conversion from solid cooking fuels to LPG is low, and where LPG retail prices are high. 
Many of India’s coal resources are all located inland and far away from LPG import 
terminals (with a higher associated cost component for freight). With India’s LPG control 
mechanism in place, higher retail prices mean a larger burden on the Indian exchequer. 
Inland production of DME (close to the mine-mouth) may have the potential to lower this 
burden and augment imported LPG in support of government initiatives aimed at 
transitioning from the use of solid to cleaner cooking fuels.  Although not quantified in this 
study, it is expected that the construction of coal-to-DME facilities will stimulate local 
investment and enhance economic growth which may, in turn, enable a larger part of the 
population to convert to LPG. This may be a motivation for the government to invest in 
such a venture, and determining the overall macroeconomic impact in such a scenario is 
seen as an area for future study.  
Likewise, DME may also be produced from several alternative feedstocks, which includes 
gas, non-food biomass, MSW and CO2. The transition to a low-carbon economy over the 
long terms is vital and, whilst coal-derived DME may become an alternative clean cooking 
fuel contender as oil prices increase, it is recommended that the techno-economic viability 
of these other feedstocks also be investigated.  
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4 Is MSW derived DME a viable clean cooking fuel in Kolkata, 
India? 
This chapter is the second of the three papers and addresses the third research objective 
of this thesis – to determine the viability of using DME, derived from municipal solid waste 
(MSW), as a clean cooking fuel in Kolkata, India. 
Grové, J., Lant, P. A., Greig, C. R., & Smart, S. (2017). Is MSW derived DME a viable 
clean cooking fuel in Kolkata India? Renewable Energy, 
https://doi.org/10.1016/j.renene.2017.08.039 
Abstract:  
An important energy poverty reduction initiative in India is aimed at replacing the use of 
solid cooking fuels with cleaner burning Liquefied Petroleum Gas (LPG). Projections 
suggest however that India will become increasingly dependent on LPG imports, the cost 
of which is strongly linked to the prevailing oil price and associated volatility. Dimethyl 
ether (DME) is a synthetic fuel which may be manufactured from domestically available 
carbonaceous feedstocks and is compatible with blending with LPG. Very large quantities 
of Municipal Solid Waste (MSW) are generated in India’s metropolitan cities, 90% of which 
is disposed of onto unsanitary landfills, creating major environmental and health concerns. 
This article investigates the techno-economic merits of reducing these impacts by using a 
portion of the MSW generated in Kolkata (in the form of a Refuse Derived Fuel (RDF)) to 
produce DME. Results suggest that the production of DME from a 50:50 blend of locally 
available coal and RDF (comprising 10% of the MSW placed at Kolkata’s main landfill) will 
enable the supply of a clean cooking fuel to approximately 15% of Kolkata’s population, 
and become cost competitive with imported LPG at an Indian basket oil price of $130 per 
barrel. Results also suggest that, at this blend ratio, the fossil fuel derived greenhouse gas 
emissions at the DME production plant will be more than offset by landfill methane 
emissions avoided using the RDF.  
4.1 Introduction 
In 2011, more than two-thirds of India’s population relied on the use of solid cooking fuels 
(firewood, crop residue, cowdung cake, coal, lignite and charcoal) for cooking [45].  
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The use of these traditional cooking fuels may result in deforestation, higher child mortality 
due to respiratory illness (caused by indoor air pollution) and contribute to gender 
inequality [14]. In order to address these problems, the Indian government has instituted a 
program aimed at substituting the use of these solid fuels with liquefied petroleum gas ( 
LPG) [13, 137]. 
India is a net importer of LPG and its cost, which is strongly linked to the prevailing crude 
oil price, is high when compared with traditional fuel alternatives. The Indian government, 
therefore, uses a subsidy scheme to make LPG affordable to a greater part of the 
population and to protect them against oil price volatility. At high oil prices, the cost of this 
may be significant, and in 2012/2013 the total LPG-related subsidy was almost 2.7% of the 
total budget. The uptake of LPG as a cleaner cooking fuel is also dependent on the 
reliability of supply, and operational disruption resulting in LPG shortages have been 
shown to result in a return to the use of solid fuels [24]. 
One means of reducing the impact of these externalities may be to augment the supply of 
imported LPG with dimethyl ether (DME), produced from domestically available feedstock. 
Natural gas, coal, biomass, municipal solid waste (MSW) and CO2 may be used for this 
purpose [28, 42]. DME is a substance which has properties (Table 4.1) similar to those of 
propane and butane, which are the major constituents of liquefied petroleum gas (LPG) 
[169]. These properties allow DME to be blended with LPG and blends containing up to 
20% DME may be distributed through existing infrastructure, and used in existing cooking 
devices, without modification [23].  
Table 4.1 - Properties of DME and other common fuel types 
Property Propane DME Butane 
Chemical Formula C3H8 CH3OCH3 C4H10 
Boiling point (°C) -42.0 -25.1 -0.5 
Specific gravity of gas (vs air) 1.52 1.59 2.00 
Saturated vapour pressure at 25°C (atm) 9.3 6.1 2.4 
Energy content (MJ/l) 22.8 19.3 26.0 
 
The global consumption of DME in 2015 amounted to approximately 5 million tonnes [67] 
and occurred mostly in China. Here, the production of DME was underpinned using coal 
(primarily) and natural gas. Approximately 90% of the produced DME was blended with 
LPG [24]. 
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The management of municipal solid waste is a critical problem in India, where it was 
estimated that more than eight times the amount was generated in 2011 compared with 
1947 [170]. Urban cities produced in the order of 171,000 tonne per day of MSW in 2011, 
25% of which came from the six metropolitan cities of Kolkata, Mumbai, Delhi, Chennai, 
Hyderabad and Bengaluru [30]. Various studies estimate that more than 90% of this waste 
is disposed of onto unsanitary landfills, creating major environmental and health concerns 
[30, 31]. This study will determine the techno-economic viability of converting a portion of 
this MSW into DME, with a specific focus on Kolkata. 
4.2 Study basis 
4.2.1 Study area 
Kolkata is the capital of the state of West Bengal and was, with a population of 
approximately 14.1 million residents, India’s third most populous metropolitan city in 2011. 
Kolkata’s gross domestic product (GDP) was one of the largest among South Asian cities 
in 2008, lower than only Mumbai and Delhi [171]. Table 4.2 summarises the primary 
cooking fuels used in households in India, the state of West Bengal and Kolkata in 2011 
[147].  
Table 4.2 - Primary fuels used for cooking in Kolkata, West Bengal and India in 2011 
Geographic 
area 
Type of Fuel used for Cooking 
Coal, 
Lignite, 
Charcoal 
Other solid 
fuels a 
Kerosene LPG/PNG Electricity 
Any other 
b 
India 1.4% 65.8% 2.9% 28.5% 0.1% 1.2% 
West Bengal 7.9% 68.6% 2.1% 18.0% 0.1% 3.3% 
Kolkata 3.7% 5.8% 24.1% 64.7% 0.1% 1.5% 
Notes: 
c. Other solid fuels include fire-wood, crop residue and cowdung cake. 
d. Any other also includes biogas as well as no fuels used for cooking.   
 
The data shows that 76.5% of households in West Bengal relied on the use of solid 
cooking fuels and that 7.9% of households used coal, lignite and charcoal for this purpose. 
These figures are higher than the average for India and a number of households that used 
coal, lignite and charcoal for cooking in West Bengal constituted more than 44% of the 
India-wide consumption for such purposes. Most of the solid fuels consumed occurred 
outside the main area of Kolkata.  
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In Kolkata, approximately 64.7% of the 964,000 households had transitioned to the use of 
LPG. If one assumes an LPG cooking requirement of 22 kg per person per year [15], then 
this figure translates into a consumption of approximately 64,000 tonne of LPG per year. 
Like many large cities in India, the primary collection of MSW in Kolkata involves the 
removal of street litter and household waste by street sweepers using hand carts, brooms 
and scrapers as tools. The collected waste is then temporarily stored in large masonry 
storage enclosures, trash bins and dumpsters located in depots, combined with waste 
collected from commercial and market areas, before being picked up and transported to 
the disposal site [172].There is no source segregation system currently in place, but 
recycling occurs through an informal system whereby newspapers, bottles or metal from 
households are reused or sold, or through the recovery of recyclable materials from refuse 
heaps or collection points by waste pickers and waste collectors [173].  
The Kolkata Metropolitan City (KMC) has three disposal sites which are located at Dhapa, 
Garden Reach and Naopara [174]. Of these, the Dhapa site (located within 10 km of 
collection points) is the largest and has an overall footprint of approximately 34.2 hectares, 
of which approximately 21.5 hectares consists of waste disposal areas. A study done in 
2013 estimated that various municipalities in the KMC area collected in the order of 4,837 
tonne per day of MSW, and projected that by 2035 the rate may be in the order of 8,805 
tonne per day. It was determined that the Dhapa site typically received in the order of 
3,500 tonne per day of waste in July 2013 [171]. Another study determined that by 2012 
the Dhapa site would contain in the order of 11 million tonne of waste, at which time the 
height of all disposal areas would start exceeding the maximum stated limit of 40 m, if an 
alternative disposal site was not available [175]. A 700 ton per day mechanized compost 
plant was installed at Dhapa in April 2000 [172] but has not been operational since 2003 
due to the high inert content in the segregated waste [173]. 
The characteristics and composition of MSW varies from location to location and depends 
on a number of factors including food habits, cultural traditions, climate, location and a 
number of other socioeconomic factors [33, 34]. An estimate of the composition of the 
MSW at the Dhapa site is shown in Table 4.3 [175]. The large proportion of biodegradable 
material, inert and ash content and high moisture is typical of  waste collected in India’s 
other large metropolitan cities and is significantly higher than in developed countries [34]. 
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Table 4.3 - MSW composition at the Dhapa site in Kolkata  
Waste Component Content (wet wt%) 
Food waste 45.50% 
Garden waste 5.10% 
Paper 4.00% 
Textiles 4.00% 
Wood 1.20% 
Plastics 3.30% 
Metals 0.20% 
Glass & Crockery 0.30% 
Inert 29.60% 
Others 6.80% 
Total 100.00% 
 
The open dumping of municipal solid waste onto unsanitary landfills creates major 
environmental and health concerns, which are multiple and varied. The recovery of 
recyclable materials is, for example, often done in a hazardous and unhygienic way and a 
clinical examination in Kolkata found that waste pickers had, compared with a control 
population (CP), a higher cardiovascular risk (8 x the CP), altered immunity (6 x the CP), 
breathing problems (3 x the CP), nose and throat infections (3 x the CP) and lung 
infections (3 x the CP) [30].The quality of leachate from the Dhapa site showed that the 
solids concentration, BOD, COD and chloride are much higher than that allowed for 
discharge to inland surface water, and analysis of groundwater highlighted the persistent 
presence of phenolic compounds at Dhapa and surrounding areas at concentrations much 
above the desired limit [172]. Landfill fires may be caused by the build-up of heat 
generated during the decomposition of organic matter and result in the emissions of 
pollutants, including carbon monoxide (CO), particulate matter (PM), carcinogenic 
hydrocarbons (HC), nitrogen oxides (NOx), dioxins and furans. In this context, a study [30] 
found that in 2010 the open burning of MSW in Mumbai was, compared with other 
emission sources, the third largest emitter of CO, PM and HC (combined) and produced 
more than twice the amount of PM than road transportation.  
Uncapped landfills, without landfill gas recovery (LFG), have the potential to emit 
substantial quantities of greenhouse gases, and a study [176] estimated that the 
decomposition of biodegradable material at Dhapa resulted in a methane production rate 
of 18 kg per tonne of waste in 2010.  
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The global warming potential (GWP) of methane is dependent on the measured time 
horizon and is, according to a 2013 report issued by the Intergovernmental Panel on 
Climate Change (IPCC), equivalent to 86 times the warming potential of CO2 over 20 
years and 34 times over 100 years (with the inclusion of climate carbon feedbacks in 
response to emissions) [177]. These values have changed somewhat between different 
IPCC reports, but an estimate in 2011 (using a methane GWP of 21) indicated that the 
combustion of the methane generated at the Dhapa site alone would result in a reduction 
in greenhouse gas emissions of more than 400,000 tonne per year of CO2 equivalent 
[173]. It has been estimated however that 50% of the methane generated by MSW 
decomposition may be recovered by a future LFG collection system, and that such a 
recovery system may be feasible at the Dhapa site [30, 173].  
An additional (or alternative) strategy may be to convert a portion of the solid fraction of 
the MSW into DME, which could include the use of a fraction of waste which is non-
biodegradable, unsuitable for composting or which may not be economically recycled. This 
approach may enable the utilisation of a larger proportion of the energy contained in the 
MSW and, through a reduction in the quantity of MSW which is landfilled, potentially also 
reduce some of the other health and environmental challenges. 
4.2.2 DME production 
DME may be produced from municipal solid waste (or any other carbonaceous solid fuel, 
including biomass and coal) through a process route depicted in Figure 4.1 [24].  
 
Figure 4.1 - Solid fuel to DME block flow diagram 
This process involves gasifying a feed (which has been prepared to comply with specific 
quality specifications) to produce a synthesis gas (syngas), adjusting the syngas H2 to CO 
ratio to roughly 2:1 through a water-gas shift (WGS) reactor, removing CO2 and sulphur 
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bearing components from the syngas, converting the resulting sweet syngas into methanol 
as an intermediate product, and then dehydrating the methanol to yield DME (and water). 
Almost all of global DME is produced via methanol as an intermediate product in plants 
varying between 5,000 and 300,000 ton per year [148, 178]. 
In addition to being a means of converting waste to energy, the gasification of MSW holds 
several potential environmental benefits. These may include a significant reduction in the 
amount of landfill area required, the destruction of organic contaminants (such as 
halogenated hydrocarbons), the concentration and immobilisation of inorganic 
contaminants for safe disposal, the utilisation of recyclables from residues (such as metals 
from slag) as well as the reduction in greenhouse gases resulting from the anaerobic 
digestion of organic wastes [179]. The formation and emission of toxic polychlorinated 
dibenzo-dioxins and -furans (PCDDs / PFDFs – commonly called dioxins) is a major 
reason for public opposition to the construction and operation of MSW incinerators [180]. 
Despite many similarities, gasification, however, occurs in reducing conditions (as 
opposed to incineration occurring in oxidising conditions) and the lack of free oxygen has 
been cited as a key reason why dioxin formation in gasification is significantly lower than in 
incineration [179-181]. 
A key design philosophy of the current study is to maximise the use of mature 
technologies, proven commercially and all the technologies downstream of the gasification 
section fall into this category. The production of methanol (or any other fuel) requires a 
high calorific value syngas that may be obtained either through partial oxidation using 
oxygen or through steam gasification (with reaction supplied via an external heat source) 
[179], but there are currently no examples of where this is being done using domestic 
Indian feedstock. There are however gasification technologies that have been proven at 
commercial scale elsewhere, which may be suited to an India specific case.  
West Bengal contains very substantial reserves (> 13 Billion tonne) of recoverable coal 
[182], and the Raniganj coalfield (located approximately 200 km northwest of Kolkata) is 
West Bengal’s main coal deposit [183]. The co-gasification of Kolkata derived MSW and 
Raniganj coal as a means of producing DME is therefore an option worthwhile considering. 
This approach was evaluated at a gasification facility (located at Berrenrath, Germany and 
producing methanol) in 2000 in which dried MSW pellets (from both the Netherlands and 
Denmark) was co-gasified with lignite in blends containing 25% and 50% MSW.  
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This facility used the so-called High Temperature Winkler (HTW) gasification technology 
which is classified as a dry-fed, oxygen blown, fluidised bed gasifier, operating at a 
pressure of 10 bar. During the trial, the MSW / lignite blend was converted into a raw 
synthesis gas through the addition of oxygen and steam at a temperature of 950 °C [181]. 
The raw synthesis gas produced by the conversion of MSW in a fluidised bed gasifier may 
contain volatilised heavy metal and alkali impurities, H2S, HCl, COS, NH3, HCN and tar in 
addition to entrained solids [179, 180]. The raw syngas produced in the Berrenrath plant 
passed through a cyclone (which returned captured solids back to the gasifier), syngas 
cooler, ceramic candle filter and water scrubber which produced a clean syngas suitable 
for downstream conversion to methanol. The trials were successful and demonstrated the 
ability to comply with all environmental emissions criteria, including dioxins [181]. This also 
applied to leachability tests on the ash collected from the bottom of the gasifier and 
ceramic filter, which typically contains some unconverted carbon, most of the heavy metals 
in the feed and is not vitrified (due to operating at temperatures below the ash melting 
point). If required, conversion of the ash into a vitrified slag in a melting reactor is part of 
an optional module offered by the licensor of the HTW technology (Uhde) and has been 
demonstrated in a MSW treatment facility in Niihama, Japan [181].  
For this reason, the current study will be based on the use of the HTW technology, 
although there are others (including the U-Gas technology developed by the Gas 
Technology Institute (GTI) in Chicago) which have been identified as being suitable for the 
use for both MSW and Indian coal [156, 158-160, 184, 185].  
There are also several other technologies which can produce a high calorific value 
synthesis gas from an entirely MSW derived feedstock. These include technologies 
provided by Thermoselect, Ebara Co. and Ube Industries, AlterNRG and Enerkem [179, 
180, 184, 186-190]. Enerkem are currently developing a process to convert the synthesis 
gas into chemicals (ethanol and methanol), and Ebara Co. and Ube Industries are 
converting mixed plastic waste (MPW) into ammonia. Both companies use fluidised bed 
gasification for this purpose (although through different designs). The Thermoselect 
technology combines a slow pyrolysis with gasification at high temperature and the 
AlterNRG technology gasifies MSW using plasma torches. Syngas produced in 
commercial facilities applying these technologies is largely used for power generation 
[179].  
56 
 
Broadly speaking, these different technologies may be classified as fluidised bed 
gasification, pyrolysis gasification or plasma gasification types and a prior study 
highlighted that the capital cost per unit of waste processed increased in that order [186]. 
When compared with co-gasification in a fluidised bed gasifier, it is likely that DME 
produced from 100% MSW will be disadvantaged by higher alternative gasification 
technology costs and / or economies of scale (both due to the size of the gasifier and the 
size of the overall plant). Economic viability will be a key driver to DME being considered 
as an alternative fuel, and the current study is aimed at determining what this may look 
like. The conversion of 100% MSW derived feed into DME will therefore not be considered 
but is an area of potential further study.  
4.2.3 Feed characterisation 
The performance of most MSW gasification technologies is highly dependent on the 
properties of the waste. These include the elemental composition, lower heating value, ash 
content, ash composition, moisture content, volatile matter and other contaminants 
(including N, S, Cl, heavy metals, alkali’s), as well as physical characteristics such as bulk 
density and size. The determination of the chemical composition of the MSW at Dhapa, 
based on its various constituents (Table 4.3) is shown in Table 4.4.  
Table 4.4 - Estimate of MSW composition at the Dhapa site in Kolkata in 2010 
Waste Component 
Content  
(wet wt%) a 
Composition (wet wt%) b 
Moisture C H O N S Ash 
Food waste 45.5% 70.0% 14.4% 1.9% 11.3% 0.8% 0.1% 1.5% 
Garden waste 5.1% 65.0% 16.7% 2.1% 13.3% 1.2% 0.1% 1.6% 
Paper 4.0% 6.0% 40.9% 5.6% 41.4% 0.3% 0.2% 5.6% 
Textiles 4.0% 10.0% 49.5% 5.9% 28.1% 4.1% 0.2% 2.3% 
Wood 1.2% 20.0% 39.6% 4.8% 34.2% 0.2% 0.1% 1.2% 
Plastics 3.3% 1.0% 59.4% 7.1% 22.6% 0.0% 0.0% 9.9% 
Metals 0.2% 3.0% 4.4% 0.6% 4.2% 0.1% 0.0% 87.8% 
Glass & Crockery 0.3% 2.0% 0.5% 0.1% 0.4% 0.1% 0.0% 96.9% 
Inert 29.6% 3.0% 0.0% 0.0% 0.0% 0.0% 0.0% 97.0% 
Others 6.8% 20.5% 20.9% 2.4% 12.8% 0.4% 0.1% 42.9% 
Total 100.0% 38.4% 14.9% 1.9% 10.6% 0.6% 0.1% 33.5% 
 
Notes: 
a. The composition of the waste is as per a study described [175]. 
b. The dry elemental composition (C, H, O, N, S and ash) of the majority of the individual waste fractions were based 
on work referenced in [191], and the moisture levels were based on course work provided by the University of 
Central Florida [192]. The composition of “other” elements was based on a study [193] on the conversion of waste to 
energy in Chennai. 
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The calculated moisture content is approximately 38.4%, which is close to a reported 
figure of 37%. Adjusted to a 46% moisture content reported elsewhere [33], the gross 
calculated calorific value of the waste (5.15 MJ per kg) is within 5% of the measured value 
of 5.03 MJ per kg. It is therefore believed that the derived chemical composition provides a 
reasonable basis for further evaluation. 
To ensure a consistent gasification feedstock quality, raw waste is often first converted in a 
process aimed at reducing the non-homogeneity, moisture and inert content and turning it 
into a so-called Refuse Derived Fuel (RDF) [179]. To produce RDF, MSW is typically first 
screened (using rotating drum or plain sieves) to separate (and remove) the recyclable, 
inert and fine, wet putrescible fractions (e.g. food and garden waste). The remaining 
stream is then pulverised (through shredding, chipping and milling) before being separated 
into different products through screening. In some cases, the putrescible fraction is kept in 
place to allow the mass of the material to be dried through biological treatment. The 
coarse and medium fractions produced during screening usually consists of paper, 
cardboard, wood, non-degradable plastic leather and textiles, and are used to produce 
RDF [194]. The RDF may be produced as a fluff or compressed into pellets [30, 194], and 
the latter form is necessary for use in a fluidised bed gasification system.  
In 2011, Hanjer Biotech Energies Pvt. Ltd (HBEPL) operated a 300 tonne per day MSW 
processing facility at Shankarpur (located approximately 40 km to the east of Kolkata), 
which produced pelletised RDF for use as a boiler fuel (substituting coal). The same 
company also had a number of other operating facilities, the largest of which was located 
at Faridabad, Haryana with an estimated throughput rate of 1000 tonne per day [195]. 
Operational in this space since 2008 [194], and once reported as possibly being India’s 
largest solid waste management entity, the company experienced some fiscal irregularities 
in 2014 [196]. Subsequently, several facilities have closed, and the company’s status is 
currently unknown. That being said, an independent report verified that design throughputs 
had been achieved in several of its facilities over an 18 month period [195], demonstrating 
the production of RDF from Indian municipal solid waste was technically feasible. 
The HBEPL process configuration included a composting facility for separated green 
waste, and the RDF plant used two stages of size reduction, magnetic  separation, rotary 
screening, air classification and densification as unit operations [197]. A block flow 
diagram of this approach is shown in Appendix D.  
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Quality measures included moisture (20% to 25%), ash (13% to 15%), plastic content (4% 
to 6%) and gross calorific value (13.4 MJ/kg to 16.3 MJ/kg) [194]. The reported design 
RDF recovery rate (on a wet mass basis) was 25% and is within the range of 25% to 35% 
reported in other studies [193, 194, 198]. These recovery rates are however dependent of 
the treatment process, quality specifications and the composition of the raw MSW which, 
at the HBEPL facilities, was reported to contain approximately 55% garden yard and park 
waste, 15% food waste, 15% inert material, 12% wood and 3% paper and cardboard [197]. 
This composition is significantly different to the Dhapa composition shown in Table 4.3, 
and a 25% recovery rate looks unlikely if one assumes that the RDF will be comprised 
mostly of high calorific value fractions (wood, paper, textiles) and the quality range 
described previously. In fact, and within the specified quality range, a RDF recovery rate of 
10% translates into the use of 70% of the wood, paper and textile fractions, 30% of the 
garden waste, 14.7% of the plastic and 1.3% of the food waste contained in the raw MSW. 
The composition of the resulting RDF is shown in Table 4.5 and indicates a gross calorific 
value of approximately 13.5 MJ per kg, which is within the indicated range estimated for 
other RDF locations in India [193, 194].  
Table 4.5 - Raw MSW and RDF characteristics 
Characteristic Raw MSW RDF 
C (daf%) 53.0% 52.1% 
H (daf%) 6.8% 6.6% 
O (daf%) 37.8% 38.9% 
N (daf%) 2.2% 2.2% 
S (daf %) 0.3% 0.2% 
Ash (wet %) 33.5% 13.0% 
Moisture (wet %) 38.4% 20.0% 
LHV (MJ/kg) a 4.5 12.0 
HHV (MJ/kg) 5.9 13.5 
 
Notes: 
a. The lower heating value (LHV) and higher heating value (HHV) of the waste was calculated using Dulong’s formula 
[199]. 
b. The acronym daf stands for dry ash-free.  
 
The actual recovery rate, and associated RDF composition achievable, is an important 
area of uncertainty which would have to be verified in practice. It is however expected that, 
with quality constraints placed on the allowable moisture, ash and plastics content, 
changes to the relative proportions of the various combustible waste fractions in the RDF 
may result in a relatively small variation in its chemical composition.  
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A key reason for this premise is that, accounting for the difference in moisture and ash 
content of the individual waste fractions (Table 4.4), the dry ash-free contents of the food, 
garden waste, wood, paper and textile fractions are quite similar.  
The relative compositions of the raw MSW and RDF shown in Table 4.5 illustrate this 
point. Here, the dry combustible fraction of the RDF is comprised mostly of wood, paper, 
textiles, garden waste and plastics, whereas the equivalent fraction of the raw MSW is 
comprised mostly of food, yet the chemical compositions are quite similar. It is conceivable 
that higher RDF recovery rates may be possible through the inclusion of some of the high 
moisture combustible fraction into the RDF and the use of composting plant rejects in India 
has been raised as one possibility in this regard [30]. Regardless, and for the reasons 
stated earlier, it is expected that the final dry ash-free RDF composition stay the same 
even if these other fractions are included. Using higher moisture combustible fractions 
translates into a higher drying requirement and it is expected that increased recovery rates 
may require increasingly sophisticated RDF plants, and result in higher RDF production 
costs.  
Determining this relationship is outside of the scope of the current study, but the impact of 
the RDF cost on the production cost of DME will be addressed through sensitivity analysis. 
The impact of constructing larger DME facilities as a function of higher RDF recovery rates 
will be similarly investigated. In this context, the subsequent analysis will assume a 10% 
RDF recovery rate, with a RDF composition shown in Table 4.5, mixed with Raniganj coal 
blends containing 25% and 50% of RDF as an initial basis. The compositions of the blends 
are shown in Table 4.6. Henceforth these will be referred to the 25% RDF case and 50% 
RDF case. 
Table 4.6 - Analysis of Raniganj coal / RDF blend compositions 
Characteristic Raniganj Coal 25% RDF Blend 50% RDF Blend 
C (daf%) 81.8% 74.9% 67.6% 
H (daf%) 5.7% 5.9% 6.1% 
O (daf%) 9.6% 16.5% 23.6% 
N (daf%) 2.4% 2.4% 2.3% 
S (daf %) 0.4% 0.4% 0.3% 
Ash (wet %) 22.9% 20.4% 18.0% 
Moisture (wet %) 3.5% 7.6% 11.8% 
LHV (MJ/kg) 24.1 21.1 18.1 
HHV (M/kg) 25.2 22.3 19.3 
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4.3 Methodology 
The subsequent analysis, which focuses on the energy efficiency, DME production cost, 
and carbon intensity of two cases described earlier, was based on a plant configuration 
depicted in Figure 4.2. Both cases were constrained by the availability of the same amount 
of RDF (350 tonnes per day), which is equivalent to 10% of the MSW placed at the Dhapa 
site in July 2013 [171]. Although not modelled explicitly, the cost of producing RDF is 
accounted for in the economic analysis, and a variation in this cost is addressed through a 
sensitivity analysis. The energy consumption in the RDF facility was based on values 
reported in literature [200]. 
The approach and assumptions used in the simulation of the plant downstream of the RDF 
plant (using Aspen Plus) was similar to an approach described in a paper which discusses 
the production of DME from low-grade Indian coal [24]. 
 
Figure 4.2 - MSW to DME block flow diagram used as a study basis 
It is based on the use of fluidised bed gasification, which requires operating temperatures 
to be maintained below the melting point of ash contained in the coal and RDF, and it was 
assumed that operating conditions would be like those maintained during the Berrenrath 
trials referred to earlier (10 bar and 950°C). The melting point range of coal from the 
Raniganj deposit is between 1100°C and 1400°C [183], but the ash fusion temperatures of 
certain biomass types are sometimes lower. The ash fusion temperatures of the biomass 
constituents in the RDF needs to be verified, but if below 950 °C, then an additive may be 
required to suppress ash fusion [149]. A carbon conversion of 90% was also assumed, 
which is within the range typically associated with fluidised bed gasifiers. This was applied 
to both cases, but the actual conversion possible will have to be verified in practice.  
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The base case assumes that high purity CO2 produced in the process will be vented until 
sequestration opportunities become available, but the capital cost determination included 
an allowance for the compression of this stream (therefore making the facility 
sequestration ready). The capital cost of each of the plant sections downstream of the RDF 
plant was determined through capacity scaling and a method described in [24]. Here, the cost 
of a process unit or plant area (C), with a throughput capacity (S), is given by (𝑪)  =  𝒏 ∗ 𝑪𝒐 ∗
(
𝑺
𝑺𝒐
)
𝒇
∗ (
𝑪𝑬𝑷𝑪𝑰(𝟐𝟎𝟏𝟔)
𝑪𝑬𝑷𝑪𝑰(𝟐𝟎𝟎𝟐)
). Values for the reference cost (Co (in 2002 US$)), reference capacity (So) 
and scaling exponent (f) was based on information in [24], and in both cases investigated for 
this paper, the value of n was equal to 1 for all of the process units (except the gasifier where 
n was equal to 2).  
The Chemical Engineering Plant Cost Index (CEPCI) for 2016 and 2002 was assumed to be 
541.7 and 395.6 respectively. The total overnight cost (TOC) of the facility is the sum of the 
cost of the individual process units, multiplied by an assumed India location factor of 1.02. 
The total installed cost (TIC) includes an allowance for interest paid during construction 
(12.3%) and the conversion of the TIC to an annual cost assumes a capital charge rate of 
14.3% 7. The operating cost of the facility assumed a base coal cost of $25.92 per tonne 
[164], and an (energy equivalent) RDF cost of $12.88 per tonne. An annual non-fuel 
operating cost equivalent to 4% of the overnight installed capital cost [149] was also 
assumed, as well as an electricity sales price of $39.22 per MWh, which is equivalent to 
the average price negotiated in a long term power purchase agreement (PPA) recently 
negotiated in India [162]. The LPG equivalent production cost of both configurations, 
based on an operating capacity factor of 85% [149], was determined by dividing the 
combined annual capital and operating costs by the annual DME production, and 
multiplying this by the ratio of the LHV’s of LPG (45.7 MJ per kg) to DME (28.7 MJ per kg). 
The economic analysis also included a determination of the (breakeven)  oil price at which 
this cost becomes equal to the cost of LPG delivered to import terminals, given by: 
𝐼𝑛𝑑𝑖𝑎𝑛 𝐵𝑎𝑠𝑘𝑒𝑡 𝑂𝑖𝑙 𝑃𝑟𝑖𝑐𝑒 (𝑈𝑆$ 𝑝𝑒𝑟 𝑏𝑎𝑟𝑟𝑒𝑙) =
(𝐿𝑃𝐺 𝑃𝑟𝑖𝑐𝑒($ 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒)−77.24)
7.8435
  [24]. The carbon 
footprint of the facility was based on the Aspen simulation model, as well as an estimate of 
landfill methane emissions avoided due to the use of RDF, which was based on a 
methodology proposed by the Intergovernmental Panel on Climate Change (IPCC) [201]. 
                                            
7 It is recognised that location factors may be affected by site specific conditions and the reader may adjust accordingly. 
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4.4 Results 
4.4.1 Plant performance 
A summary of the gasifier performance is given in Table 4.7 and overall plant performance 
in Table 4.8. More detailed mass balances for the two cases are shown in Appendix E.  
Table 4.7 - Gasifier performance summary 
Gasifier HTW HTW 
Case 50% RDF 25% RDF 
Gasifier Operating Conditions 
Gasification temperature (°C) 950 950 
Gasification pressure (bar) 10 10 
Feed Rates 
Solid fuel feed rate (tonne per day) 700 1,400 
Oxygen feed rate (tonne per tonne feed) 0.42 0.42 
Steam feed rate (tonne per tonne feed) 0.40 0.40 
Syngas Composition 
H2O (mol%) 26.2% 19.0% 
H2 (mol%) 26.8% 26.3% 
CO (mol%) 23.9% 29.6% 
CH4 (mol%) 5.0% 8.2% 
CO2 (mol%) 15.9% 14.5% 
N2 + Ar (mol %) 2.1% 2.1% 
H2S + COS (mol%) 0.1% 0.1% 
Other (mol%) 0.1% 0.1% 
Performance metrics 
(H2 + CO) flow rate (kmol per tonne feed) 40 43 
(H2 + CO + CH4) flow rate (kmol per tonne feed) 44 49 
Syngas flow rate (kmol per tonne feed) 79 77 
Carbon conversion (%) 90% 90% 
Cold gas efficiency - LHV (%) a 76% 78% 
Notes: 
a. Cold gas efficiency is based on the lower heating value and defined as the amount of energy contained in the syngas divided 
by the energy contained in the feed.  
 
Table 4.7 shows that, despite the difference in feed quality, the difference in the quantity of 
synthesis gas produced (per tonne of feed) in the two cases is expected to be small. The 
gasification of the blend containing 25% RDF results in a higher proportion of CO and CH4 
in the syngas, and is the reason for a slightly higher cold gas efficiency8. Table 4.8 shows 
however that, despite the difference in syngas quality, the conversion of both blends is 
expected to result in similar energy efficiencies (around 51%).  
                                            
8 This is unsurprising, given the 25% blend's lower moisture (and moisture + ash) content, which requires the conversion of less CO 
and H2 to a higher oxidation state to generate the heat required to maintain the gasifiers at the same outlet temperature. 
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Table 4.8 - Plant performance summary 
Case 50% RDF 25% RDF 
Feed Metrics 
RDF feed rate (tonne per day) 350 350 
Coal feed rate (tonne per day) 350 1,050 
Combined feed energy content (MW LHV) 146 342 
Oxygen feed rate (tonne per day) 291 583 
Main Product Metrics 
Ash / Char rate (tonne per day) 159 362 
Intermediate methanol rate (tonne per day) 278 592 
DME rate (tonne per day) 199 425 
DME energy content (MW) 66 141 
Rate of high purity CO2 produced (tonne per day) 551 1,192 
Rate of dilute CO2 produced (tonne per day) 163 476 
Total CO2 produced (tonne per day) 714 1,668 
Electrical Power Consumed a 
RDF production 3.9 3.9 
ASU (plus O2 compression) 4.1 8.1 
Gasification 0.8 1.6 
Syngas compression 3.5 7.5 
AGRU 0.6 1.4 
CO2 drying and compression 0.0 0.0 
Recycle gas compression 0.7 1.7 
Methanol synthesis 0.2 0.5 
DME synthesis 0.1 0.2 
Ancillary plant 0.5 1.1 
Power consumed internally (MW) 14.4 26.0 
Electrical Power Produced 
and Exported a 
Gas turbine 11.4 34.1 
Syngas expander 0.2 0.4 
Steam turbine 10.8 25.5 
Total power produced 22.4 60.0 
Net power exported (MW) 8.0 34.0 
Efficiency Metrics 
Electric efficiency (%) b 5.5% 9.9% 
Fuel efficiency (%) c 45.3% 41.3% 
Total efficiency (%) 50.8% 51.3% 
Number (million) of cooking energy parcels (CEP) d 2.4 5.7 
Notes: 
a. With the exception of the RDF plant, the determination of power production and consumption is based on 
assumptions described in [24], and it is assumed that the RDF plant will consume 30 kWh per tonne of MSW 
processed [200]. 
b. Electric efficiency is the ratio of net electricity divided by the energy content in the feed. 
c. Fuel efficiency is the ratio of the energy content of the produced DME divided by the energy content in the feed. 
d. The term “cooking energy parcel (CEP)” is defined as the number of users whose daily cooking fuel needs may 
be supported if the total plant output (including DME and electricity) is used for cooking, whilst operating. It is 
based on assuming an average LPG consumption of 22 kg (or 31.9 Wth) per person per year for cooking [15] 
and a corresponding electricity consumption of  27.0 We per person (assuming that the efficiency of an electric 
cook stove is 71% compared with 60% for an LPG cook stove [14]). Based on these assumptions the number of 
CEP’s produced in a DME plant may be calculated by the following formula: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝐸𝑃′𝑠 =
(
𝐷𝑀𝐸 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑀𝑊)
31.9
+
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑦 (𝑀𝑊𝑒)
27.0
) ∗ 106 
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The 25% RDF case results in a greater proportional production of electricity versus fuel 
and is likely the result of higher methane content in the raw syngas. Brought to a common 
denominator, and if both the produced electricity and DME were used for cooking, then 
there is also very little difference (per MW of input fuel) in the amount of cooking energy 
parcels (CEP’s – defined in the notes in Table 4.8) produced between the two 
configurations. 
4.4.2 Economic assessment 
A summary of the capital costs of the two cases, based on the plant demarcation shown in 
Figure 4.2, is depicted in Figure 4.3.  
 
Figure 4.3 - Breakdown of total installed capital costs 
The absolute cost of the 25% RDF case is higher due to the larger scale of the plant but, 
as Figure 4.4 shows, the per-unit production costs are lower. This outcome is mostly 
attributable to larger economies of scale associated with the larger plant. Consistent with 
other solid fuel to DME techno-economic evaluations [24, 29, 149, 202], the results also 
show that the production cost is mostly influenced by capital cost recovery.  
The oil price at which the production cost of DME is expected to be equivalent to imported 
LPG (breakeven oil price) is estimated to be approximately $98 per barrel for the 25% 
RDF case and $130 per barrel for the 50% RDF case, as shown in Figure 4.5. 
65 
 
 
Figure 4.4 - Breakdown of production costs 
 
 
Figure 4.5 - Breakeven oil price as a function of capital and RDF cost 
 
Although useful as a relative comparison, the absolute values for the production costs 
should be viewed with caution, since it has been pointed out that estimates based on data 
found in open literature may result in a significant underestimation of actual costs [165].  
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The actual costs of two recent IGCC plants in the US were, for example, 122% and 67% 
higher than initial estimates, determined through scaling of publicly available National 
Energy Technology Laboratory (NETL) data [165]. The impact of a 67% increase in the 
capital costs determined in this study is depicted in Figure 4.5 and shows that oil prices, 
significantly higher than a historical maximum of $132 per barrel (July 2008), would be 
required for either case to become competitive with imported LPG. Also shown in Figure 
4.5 is the impact of a variation in the cost of RDF. This shows that a massive reduction in 
RDF cost (from approximately $13 per tonne to around negative $160 per tonne - through 
the receipt of a tipping fee for example) would be required before the (smaller) plant using 
a 50% RDF blend would become competitive with the (larger) plant converting a 25% RDF 
blend.   
As stated previously, an assumed RDF recovery rate of 350 tonne per day at Dhapa may 
be conservative. For example, and beyond additional waste which may result from 
population growth, a greater recovery is conceivable through a more comprehensive RDF 
plant design [203]. Landfill mining at the Dhapa site (containing an estimated 11 million 
tonne of waste in 2012 [175]) may be an additional option. The utilisation of composting 
plant rejects [30], should these plants come into being in the future, may be another. The 
resultant RDF cost associated with each option will likely be different, but increased 
recovery rates will, at a fixed RDF blend ratio, enable the operation of larger DME plants 
(with associated economies of scale).  
Figure 4.6 considers the relationship between DME plant size, RDF cost and breakeven oil 
price, and is based on using the 50% RDF blend as a feedstock. It is shown that, at similar 
RDF costs, the breakeven oil price in a DME plant processing 1,400 tonne per day solid 
feed is approximately $28 per barrel below the breakeven oil price achievable in a plant 
which processes 700 tonne per day of feed. Looking at it differently, a 1,400 tonne per day 
DME plant would be able to pay approximately $80 per tonne more for RDF than a 700 
tonne per day DME plant and achieve the same breakeven oil price. 
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Figure 4.6 - Breakeven oil price as a function of plant size and RDF cost 
4.4.3 CO2 emissions 
A profile of CO2 emitted in each stage of the process is depicted in Figure 4.7 and is 
summarised in Figure 4.8.  
These show that the net amount of non-carbon neutral CO2 emitted (per unit of output 
energy) by the DME production process reduces with an increase in the RDF content of 
the blended feedstock. This is attributable to the use of the organic fraction of the RDF 
(which is deemed to be carbon neutral) and the avoidance of methane emissions which 
would otherwise be generated in the landfill through anaerobic digestion. The global 
warming potential of methane is 34 times that of CO2, and it is expected that the 
avoidance of these emissions will exceed the fossil fuel derived CO2 emissions generated 
at the DME plant using a feedstock consisting of 50% RDF by a significant margin.  
The total non-carbon neutral CO2 emissions, taking end-use into account, is estimated to 
be approximately 345 kg per MWh in the 25% RDF case and 36 kg per MWh in the 50% 
RDF case. These are significantly lower than the estimated regional emissions of between 
820 kg per MWh and 1,000 kg per MWh estimated for Indian power plants in 2012 [204]. 
Comparatively, the CO2 emissions associated with the use of imported LPG (excluding 
extraction and transport) are approximately 238 kg per MWh. 
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Figure 4.7 - CO2 emissions for 50% RDF (on the left) and 25% RDF case (on the right) 
Notes: 
a. The non-carbon neutral CO2e emissions avoided due to the production and use of RDF (shown in the red rectangles) was calculated by multiplying its methane generation potential (58.3 kg 
per tonne) with a methane global warming factor of 34. This potential was calculated according to a methodology proposed by the IPCC [201] and assumed that 30% of the degradable organic 
carbon (DOC) in the RDF (291 kg per tonne) would decompose anaerobically into a biogas, containing 50% methane.  
b. The total carbon neutral emissions (shown in the olive boxes in the blue rectangles) assumes that the DOC content of the RDF is carbon neutral, and that CO2 from this source, present in the 
high purity CO2 and low purity CO2 streams (shown in Table 4.8), is proportional to the carbon distribution in the blended feed. The distribution assumption also applies to the non-carbon 
neutral plant emissions (shown in the khaki boxes of the blue rectangles), which represents the emissions attributed to the remaining carbon in the feed. 
c. The net plant emissions (shown in the purple rectangles) are the sum of emissions in the blue and red rectangles, and the ‘net additional non-carbon neutral emissions”, shown in the blue and 
orange boxes, are the non-carbon neutral amount in the purple rectangles divided by the total plant energy output (DME and electricity) shown in Table 4.8 (and the figure).These assume that  
RDF processing would consume 30 kWh of (internally-derived) electricity per tonne of waste processed [200], and that a negligible amount of thermal energy would be required for drying. 
d. Divided by the total energy produced, the blue bars in Figure 4.8 are the total of the emissions in the blue rectangles, the red bars the emissions in the red rectangles, the green bars the 
carbon-neutral emissions in the blue rectangles, and the purple bars the non-carbon neutral amounts in the purple rectangles.  
e. The end-use emissions (shown in the green rectangles) are the emissions attributed to the combustion of the DME at the point of end-use, with the source of carbon distributed as before. 
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Figure 4.8 - Estimates of plant CO2 emissions 
4.5 Conclusion 
The objective of this paper was to evaluate the techno-economic impacts of converting 
MSW into DME, which could be used to replace or augment imported LPG as a clean 
cooking fuel in India.  
Kolkata, where approximately 3,500 tonnes per day of waste is disposed of at the Dhapa 
site, was chosen as a study area. It was found that the quality of the as-received MSW 
needed to be upgraded to make it suitable for conversion, and the first part of the study 
focused on estimating the elemental composition of RDF produced from the raw MSW. 
The successful co-gasification of RDF and lignite in a fluidised bed gasifier was 
demonstrated in Germany in 2000, and this approach was chosen since Kolkata is in 
reasonably close proximity to the Raniganj coal deposit in West Bengal. The study 
considered the use of two blends which contained 25% and 50% RDF respectively, and 
the process was modelled using Aspen Plus. Results indicated that the conversion of the 
two blends was expected to result in an overall process energy efficiency of approximately 
51%, with the blend containing 25% RDF producing proportionally more power, and less 
DME as energy outputs.  
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If one assumes an annual LPG equivalent cooking fuel consumption of 22 kg per person 
per year [15], then the DME produced from the blend containing 50% RDF would be 
sufficient to supply the daily cooking needs of 2.1 million people. Similarly, the 25% blend 
would be able to supply the cooking needs of 4.4 million people, which is substantial when 
one considers the Kolkata metropolitan region’s current population of 14.1 million. If the 
excess electricity that is co-produced with the DME is also used for cooking, then the 
number of persons who may be impacted increases to 2.4 million (50% RDF blend) and 
5.7 million (25% RDF blend) respectively. Assuming an average plant availability of 85%, 
the energy produced in the 50% RDF case is approximately equivalent to 15% of Kolkata’s 
annual cooking energy requirement. 
The use of neat (i.e. 100%) DME for cooking is technically feasible but will require small 
modifications (change of seal materials and regulators) to standard LPG gas bottles and 
cooking devices. Blending DME with LPG (up to a maximum of 20% (by volume)) will 
require no such modifications, in which case DME may be considered as a drop-in cooking 
fuel. This scenario would, however, require a much larger market which, in the case of the 
25% RDF case amounts to approximately 31 million users. Similarly, the required market 
in the 50% RDF case amounts to approximately 15 million users.       
The net amount of CO2 emitted (per unit of output energy) by the DME production process 
increases as the RDF content of the blended feedstock becomes less. Turning a portion of 
the MSW disposed of at the Dhapa site into DME will have the added benefit of reducing 
the amount of material that may be converted into methane through anaerobic digestion, 
and has a potentially significant impact on reducing the carbon footprint of the plant.  
The Indian basket oil price at which the cost of the produced DME would break even with 
imported LPG was estimated at approximately $130 per barrel using a blend containing 
50% RDF and $98 per barrel using a blend containing 25% RDF. This outcome is likely 
the result of greater economies of scale since both configurations assumed the processing 
of the same quantity of RDF. Further analysis demonstrated that the break-even oil price 
was very sensitive to a variation in the capital cost whereas varying the price of RDF (in 
similar % increments) had less impact.  
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The preceding analysis is based on applying a RDF recovery approach typically used in 
India, but actual recovery efficiencies would have to be verified. These efficiencies, and 
the most appropriate RDF plant process configuration depends on the physical 
characteristics of the waste and the investigation was challenged by a lack of Kolkata 
specific data. The outcome of techno-economic evaluations in this regard will improve the 
accuracy of estimates made in this study and is identified as an area potentially worthy of 
future work.
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5 Producing a CO2-neutral clean cooking fuel in India – Where 
and at what cost? 
This chapter is the third of the three papers and addresses the fourth research objective of 
this thesis – to determine the viability of CO2-neutral DME as a clean cooking fuel in India.  
Grové, J., Greig, C. R., Smart, S., & Lant, P. A. (2017). Producing a CO2-neutral clean 
cooking fuel in India–Where and at what cost?. International Journal of Hydrogen Energy, 
42, 19067-19078 
Abstract 
Indoor air pollution, caused by solid cooking fuels, is the fourth largest global contributor to 
premature death, equivalent to unsanitary water, and greater than malaria. Therefore, the 
Indian government currently subsidises replacement of these fuels with cleaner burning 
Liquefied Petroleum Gas (LPG), but an import dependency makes this program vulnerable 
to oil price shocks and supply disruption. The blending of LPG with dimethyl ether (DME), 
produced from domestically available feedstocks, may be one means of reducing this 
vulnerability. In the context of pursuing a low carbon future, this study investigates the use 
of CO2 released during ethanol production, combined with hydrogen gained by water 
electrolysis from renewable electricity, for this purpose. More than 85% of India’s ethanol 
is produced in five states, four of which are richly endowed with a renewable electricity 
generation potential.  The estimated cost of DME produced in this manner is significantly 
above a historically high LPG price but may become viable in the EIA’s “high oil price” 
scenario if future (US DOE) electrolysis performance targets are achieved, and at 
electricity costs below $45 per MWh.    
5.1 Introduction 
5.1.1 Background 
In 2012, more than 809 million people in India relied on the use of traditional fuels (fire-
wood, crop residue, dung and coal) for cooking and heating [50]. Similarly, more than 269 
million people lacked access to electricity. The lack of access to clean cooking fuels (and 
electricity) is often referred to as energy poverty, which has been linked to a multitude of 
problems including deforestation, increased respiratory illness and gender inequality [11].  
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To address these issues, the Indian government is incentivising the replacement of  solid 
cooking fuels with cleaner burning liquefied petroleum gas (LPG) [13, 137]. The cost of 
LPG is however strongly linked to the prevailing crude oil price, and its adoption is 
dependent both on affordability and reliability of supply [13]. Faced with an increased fuel 
cost, or supply disruption, LPG users may revert back to the use of solid cooking fuels [19, 
24]. India is a net importer of LPG, and predictions suggest that increased domestic use 
will result in it becoming the world’s largest importer by 2040 [21]. One means of reducing 
this dependence may include the augmentation of imported LPG with dimethyl ether 
(DME), produced from domestically available alternative feedstocks.  
DME’s physical properties (Table 5.1) show that its boiling point, vapour pressure and 
specific gravity are within a range represented by propane and butane, which are the 
major constituents of LPG. DME is therefore easily combined with LPG, and blends, 
containing up to 20% DME (by volume), are completely compatible with the distribution 
and end-use infrastructure associated with the use of LPG [23].  
Table 5.1 - Properties of DME and other common fuel types 
Property Propane Butane LPG DME Diesel 
Chemical Formula C3H8 C4H10 - CH3OCH3 - 
Boiling point (°C) -45 a -2 a -22 a -25 b 180 – 360 b 
Specific gravity of gas (vs air) 1.5 a 2.0 a 1.8 a 1.6 b - 
Saturated vapour pressure at 65°C 
(kPa) 
2266 a 632 a 1687 a 1621 c - 
Lower heating value (MJ/kg) 46.3 d 45.3 d 45.7 d 28.9 d 36.1 d 
Cetane number - - - 60 b 55 – 60 b 
 
Notes: 
a. LPG is assumed to consist of a blend containing 60% butane and 40% propane and properties are based on 
the specification published by the Indian Oil Company [205]. 
b. Properties are derived from [169]. 
c. Properties are derived from [206]. 
d. Lower heating values are based on the Hydrogen Analysis Resource Center database [207]. 
 
Since the early 2000’s, the use of DME as a LPG blend-stock has been strongly adopted 
in Northeast Asia, and particularly China. DME is also well suited to generating electricity 
using gas turbines and its cetane number, which is equivalent to that of diesel, makes it an 
ideal compression ignition fuel. Compared with diesel, the combustion of DME produces 
less particulate matter, carbon monoxide, unburnt hydrocarbons and nitrous oxide 
compounds (NOx) [23].  As a result, several original equipment manufacturers (OEM’s), 
including Volvo, Isuzu and Ford, are currently developing vehicles to run on DME, but 
these are not yet commercially available.  
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In 2015, the global consumption of DME, derived largely from coal and natural gas, via 
methanol as an intermediate, was approximately 5 million tonnes [67]. This was 33 times 
greater than the estimated global production in 2002 [28]. The consumption of DME in 
India is currently very low, despite having been identified as a prospective (cooking fuel, 
industrial and transport) market in the late 1990’s. At that time, a joint venture (comprising 
Amoco, the India Oil Company (IOC) and the Gas Authority of India (GAIL)) had explored 
the possibility of importing DME from countries with large natural gas resources (such as 
Qatar), but the project was ultimately terminated to pursue more favourable gas related 
ventures [23].  
More recently, there has been a renewed interest in DME. Since 2013 the Indian and 
Australian Governments have, for example, been collaborating in a joint research program 
aimed at the small scale production of DME using remote and stranded natural gas [32]. 
Most recently, the National Institute for Transforming India (NITI Aayog) announced the 
establishment of Expert Groups on the production and utilisation of methanol and DME 
[25]. DME may be produced from coal, natural gas, biomass, municipal solid waste (MSW) 
as well as the combination of hydrogen with CO2 [28, 42]. In an Indian context, two prior 
studies investigated the techno-economic viability of augmenting the use of LPG through 
DME derived from low-grade Indian coal in Jharkhand [24] and municipal solid waste in 
Kolkata [32]. As another, less carbon intensive alternative, this paper explores the 
production of DME through the utilisation of renewable hydrogen combined with CO2 as 
feedstocks. 
5.1.2 Literature review 
The concept of producing liquid fuels through the combination of non-fossil based 
hydrogen and CO2 was first proposed in the 1970’s [53], and a growing body of research 
[35-37, 41, 76, 208-214] has focused on methanol as one alternative. The global 
production of DME is almost entirely derived through the dehydration of methanol, and this 
work is therefore directly relevant to this study. The electrolysis of water using renewable 
electricity currently represents the most mature means of making renewable hydrogen 
[215], and the overall process of producing DME, via methanol,  is depicted in Figure 5.1.  
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Figure 5.1 - Renewable electricity to DME block flow diagram 
Once CO2 has been captured and purified, the main process may be described by the 
following chemical reactions [215-217]: 
H2O  H2 + 0.5O2     ∆H298 = -288 kJ/mol   (R1) 
CO2 + 3H2    CH3OH + H2O   ∆H298 = -49.5 kJ/mol (R2) 
CO2 + H2    CO + H2O    ∆H298 = +41.2 kJ/mol (R3) 
CO + 2H2    CH3OH    ∆H298 = -90.6 kJ/mol (R4) 
2CH3OH  CH3OCH3 + H2O   ∆H298 = -23.6 kJ/mol (R5) 
The first reaction (R1) occurs in an electrolyser and here, technologies fall into three 
categories; Alkaline, Polymer Electrolyte Membrane (PEM) or Solid Oxide Electrolysis 
Cells (SOEC) [215]. Of these, both Alkaline and PEM technologies have been 
commercially deployed and, whereas the former is more mature and less costly, the latter 
is more efficient, compact and allows for shorter start-up times [218]. Although some prior 
(renewable methanol specific) techno-economic studies have considered the use of PEM 
electrolysers [219, 220], many have been based on the use of alkaline electrolysers [39, 
216, 218, 221-223]. Therefore, and to gain a better understanding of the difference in cost 
and performance, this study will be based on the use of PEM electrolysis. In this respect, 
the subsequent energetic and economic evaluation will be based on work done by the 
National Energy Technology Laboratory (NETL) of the United States Department of 
Energy (USDOE) [224-227]. 
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Reactions R2 to R4 occur in the methanol synthesis reactor, and prior techno-economic 
studies have been based on the use of different reactor types. These include adiabatic 
reactors [39, 216, 221, 223, 228], isothermal reactors [222, 229] and pseudo-isothermal 
reactors [220]. Operating pressures typically varied between 50 bar and 80 bar, and 
temperatures between 210°C and 260°C. Van Dal et al. [230] proposed a methanol 
synthesis configuration based on the use of an adiabatic reactor, and a number of 
subsequent techno-economic studies  [216, 223, 228, 231] were based around this, albeit 
with slight modification and optimisation. The evaluation by Van Dal contains a description 
of the mass and energy balance of the methanol synthesis plant and forms a central part 
of this study. 
The fifth reaction (R5) occurs in the DME synthesis section of the plant, and a typical 
configuration, used as the basis in this study, is described by Bai et al. [217]. This process 
is mature, widely applied, and commercial performance data is readily available [148].  
Prior techno-economic studies may also be segregated based on the CO2 source utilised. 
These included cement plant flue gas streams [214], power plant flue gas streams [39, 
214, 216, 218, 219, 221, 223, 228, 232], biogas [233], the air [210, 213, 214] or ethanol 
plant waste streams [222]. Compared with other industrial sources, the capture of CO2 is 
most easily done from ethanol fermentation processes [43].  
India is currently the world’s second largest sugarcane producer, which also provides the 
feedstock (molasses) for its domestic ethanol production [22]. This study will, therefore, be 
based on the use of waste CO2 released from these plants.  
Analogously, prior work considered the use of a single, non-fossil based, electricity source, 
whereas others were either based on the use of multiple sources or were non-specific. 
Examples of the former include the use of nuclear energy [213, 214], solar energy [210] 
and wind energy [221, 222] whereas other studies [39, 216, 218-220, 223, 228, 229, 232, 
233] are examples of the latter. This analysis will assume that renewable electricity (from 
multiple sources) will be continuously available, and the economics of the system will be 
evaluated as a function of the electricity price. 
A large variation in production cost estimates (for example £343 to £533 per tonne [39], 
€500 to €600 per tonne [232], €510 to €900 per tonne [42], $876 to $1003 per tonne [41], 
€267 per tonne [40], $600 per tonne [38]) are evident when examining the results of prior 
studies.  
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This is likely the result of different process configurations and feedstock costs, but also 
scale, location, and other situation specific conditions. However, the cost of producing 
hydrogen is often identified as the largest contributor, both from a capital and operating 
cost point of view, with the latter highly dependent on the electricity price [39, 216, 218-
223, 233]. For example, and in a study based on the use of CO2 from a coal fired power 
station [39], the capital cost of the electrolysis section was between 81% and 90% of the 
overall plant cost, and electricity use (largely consumed in the electrolyser) was 
responsible for between 69% and 74% of the total operating cost. Similarly, more than 
78% of the overall production cost was attributed to the production of hydrogen in another 
study based on the use of CO2 from a lignite power plant [216]. 
5.2 Study basis 
5.2.1 Renewable electricity and CO2 
The Indian government is aiming to expand its solar power generation capacity to 100 
GW, and wind generation capacity to 60 GW, by 2022 [234].  
This is a substantial increase in India’s installed renewable generation capacity, which was 
approximately 28 GW in 2013 [235]. Wind generation contributed approximately 67.9% to 
the total, followed by small hydro (12.9%), biomass (12.8%), solar (6%) and others (0.3%). 
The geographic distribution of both the potential, and installed, wind and small hydro 
capacity is shown in Table 5.2, and is compared with the Indian ethanol production 
capability in 2015/2016 (as a proxy for available fermentation derived CO2) and the 
number of households who used LPG for cooking in 2011 (as an indication of the size of 
the cooking fuel market).  
Table 5.2 highlights that in India’s top four ethanol producing regions, the wind generation 
potential represents 33%, and the small hydro generation potential 30%, of the India total. 
These states are responsible for more than 85% of India’s domestic ethanol production 
and, from the perspective of potentially blending DME with LPG, also representative of 
40% of India’s LPG cooking fuel market in 2011. Approximately 38% of India’s population 
lived in these states. India’s land mass also receives approximately 5 billion GWh per year 
of solar energy at irradiance levels between 4 and 7 kWh per m2 per day [236].  
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Table 5.2 - Renewable electricity, ethanol production and LPG use in India 
State 
Wind power (MW) Small hydro power (MW) Ethanol 
capacity 
(ML per 
year)[237] 
Millions of 
households 
cooking 
with LPG c 
Potential  
Capacity 
Installed 
Capacity 
Potential  
Capacity 
Installed 
Capacity 
Maharashtra 5,961 3,022 794 300 791 10.3 
Uttar Pradesh - b - b - b - b 635 6.2 
Karnataka 13,593 2,135 4,141 964 294 4.3 
Andhra Pradesh + Telangana 14,497 448 978 219 185 7.5 
Gujarat 35,071 3,175 - b - b 92 4.7 
Bihar - b - b - b - b 90 1.5 
Tamil Nadu 14,152 7,162 - b - b 86 8.9 
Sikkim - b - b - b - b 18 0.1 
Punjab - b - b 441 155 16 2.9 
Haryana - b - b - b - b 12 2.1 
Uttarakhand - b - b 1,708 175 8 0.9 
Total Other 19,514 3,110 11,687 1,819 0 21.0 
All India 102,788 19,052 19,749 3,632 2,229 70.4 
Notes: 
a. Renewable electricity figures derived from [235]. 
b. Included in the “Total Other” figures shown in the Table.  
c. Cooking fuel statistics from the 2011 India Census [147]. In 2016, and except for Gujarat and Maharashtra, less 
than 1% of households were equipped with PNG connections [238, 239]. In Gujarat and Maharashtra, roughly 
11% and 4% of households were connected to a PNG network respectively. 
 
These irradiance levels (both direct and horizontal) are most pronounced in the western 
parts of the country and, regarding ethanol producing regions, high in Gujarat, Karnataka, 
Telangana, Maharashtra and Tamil Nadu [240]. Like the wind and small hydro resources, 
the solar potential in Uttar Pradesh is less pronounced.  
In 2014, India’s ethanol industry was comprised of approximately 147 plants, with a 
capacity distribution shown in Figure 5.2 [241]. The production of every litre of ethanol 
results in the release of approximately 0.76 kg CO2 [242] which may, when converted, 
result in the production of 0.51 kg of methanol [230]. This means that the use of CO2 from 
India’s largest ethanol plants (producing 90 ML per year) could result in the production of 
approximately 45,900 tonnes per year of methanol. This capacity is very modest when 
compared with fossil fuel based methanol plants, but close to the capacity of the largest 
scale CO2 to methanol plant (rated at 45,360 tonnes per year) currently being 
contemplated [243]. On the other end of the capacity scale, more than 30% of India’s 
ethanol plants have a production capacity of 9 ML per year. 
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Figure 5.2 - Histogram of Indian ethanol plant capacities 
Therefore, and to get an indication of the comparative production costs, the subsequent 
economic analysis will consider the production of DME at both capacities. Henceforth 
these will be referred to as the “90 ML per year” and “9 ML per year” cases.  
The government of India mandated a 5% blend of ethanol with gasoline in 2012 [44],  and 
has set an ambitious future blend target of 20% [22]. The current ethanol production 
capability in India (2.2 GL per year) is still relatively modest when one considers that 
achieving this target by 2030/2031 will require the annual production of approximately 9.1 
GL of ethanol, of which 3.6 GL could be molasses derived [22]. Using all of the CO2 
released during the conversion of this molasses could result in the production of 1.8 million 
tonnes of methanol, or 1.3 million tonnes of DME [148]. On an energy equivalent basis, 
this corresponds to the use of approximately 0.8 million tonnes of LPG, which is 
substantial  when one considers that it represents approximately 5.6% of LPG consumed 
India-wide in 2010/2011 [137]. It is especially significant from a regional perspective due to 
the very high proportion of ethanol produced in only five of India’s twenty-nine states.  
From a single plant perspective, the conversion of CO2 released from India’s largest 
ethanol plants could produce approximately 32,500 tonnes per year of DME. Based on an 
annual LPG cooking requirement of 22 kg per person [15], this quantity of DME could 
satisfy the cooking fuel needs of approximately 940,000 people.  
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The blending of this quantity of DME with LPG (at a volumetric concentration of 20%) will, 
however, require a much larger market (equivalent to 7.7 million LPG users), which needs 
to be considered when deciding on a specific plant location.  
5.2.2 Hydrogen production 
Water electrolysis is the process in which water is split into hydrogen and oxygen by 
passing a current between two electrodes.  
This study is based on the use of PEM electrolysers, in which the two electrodes are 
separated by a membrane, which acts as a separator for oxygen produced at the anode, 
and hydrogen produced at the cathode. High currents may be achieved in PEM 
electrolysers, whilst maintaining high efficiencies between 55% and 70% [215].  
The USDOE has been actively involved in the development of PEM electrolysers [224-
227, 244], and resultant key technical and economic criteria, used in this study, are shown 
in Table 5.3. These criteria pertain to an electrolyser which produces 50,000 kg per day of 
H2, either at a pressure of 31 bar (currently) or 69 bar (in the future) [224].  
Table 5.3 - Technical and economic criteria – PEM electrolysis 
Hydrogen Generation Assumptions - PEM 
Electrolysis 
Current Scenario Future Scenario (2025) 
Base 
Case 
Adjusted 
Case 
Base 
Target 
Adjusted 
Target 
Currency year 2007 2016 2007 2016 
Plant availability 97% 82% 97% 82% 
Capital costs (US$ per kg H2) $1.33 $1.65 $0.53 $0.66 
Fixed O&M production costs (US$ per kg H2) $0.40 $0.50 $0.20 $0.25 
Other variable costs (US$ per kg H2) $0.01 $0.01 $0.01 $0.01 
Electricity consumption (kWh per kg H2) 54.3 54.3 50.2 50.2 
 
Notes: 
a. The “base” values are as-published [224], and the (non-variable) cost figures, given in 2007 US$, assumes 
hydrogen production for 97% of the year. The “adjusted” costs assume an utilisation of 82% (to be equivalent to 
the online time of a typical Indian ethanol plant) and have been brought to 2016 US$ by using the Chemical 
Engineering Plant Cost Index (CEPCI) for 2016 (541.7) and 2007 (524.4). It is also assumed that the 
construction of the facility in India will be more expensive than in the US and “base” costs are increased by 
applying an India location factor of 1.02 [245]. 
 
To determine the cost at other capacities, it is common to use a scaling approach 
described by Larson et al. [149].  
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The equation (𝑪) = 𝒏 ∗ 𝑪𝒐 ∗ (
𝑺
𝑺𝒐
)
𝒇
is used for this purpose, in which Co is a reference cost 
of a plant with a reference capacity (So), S the capacity of the plant for which the cost (C) 
needs to be determined, f the scaling exponent, and n the number of units. A common 
value for the scaling exponent is 0.67, but in the case of electrolysis plants producing large 
quantities of hydrogen, the relationship between capacity and cost approaches linearity 
[225]. This is demonstrated in the analysis by Ainscough et al [224], which shows that the 
total (non-variable) costs of two facilities, one producing 1,500 kg per day and the other 
50,000 kg per day, were less than 3.4% apart. Similarly, there is less than a 0.6% 
difference in the per-unit electricity consumption figures. The “90 ML per year” and “9 ML 
per year” cases referred to earlier will require 29,900 kg per day and 2,990 kg per day of 
hydrogen respectively [230] and, for simplicity, this study therefore assumes a scaling 
exponent of 1, and constant electrolyser power consumption (per kg of H2) for both cases. 
5.2.3 CO2 capture, feed compression and methanol / DME synthesis 
The concentration of CO2 in waste gas released from an ethanol fermentation plant is high 
(>87%), with the largest remaining portion consisting of water and a small amount of other 
impurities (including ethanol, methanol, hydrogen sulphide and dimethyl sulphide) [246, 
247]. Compared with (lower purity) flue gas released from power plants, the capture of 
CO2 from fermentation waste gas is relatively simple [242]. Associated costs are low, and 
vary between $6 per ton to $12 per ton [246]. A typical process, aimed at producing a 
pipeline or non-beverage grade CO2, typically involves water washing to remove ethanol, 
followed by compression and dehydration. Dehydration is achieved through the combined 
use of cooling and water removal after different stages of compression [247] and, in some 
cases, the use of fixed bed driers filled with alumina [248]. In this study, it is assumed that 
water washing occurs at the ethanol plant and, although not modelled explicitly, the 
economic analysis will include an allowance to cover these costs. Once received at the 
battery limit, the CO2 feed (saturated with water) enters a plant, configured according to a 
design proposed by Van dal et al. [230].  
This design was based on the use of CO2 captured from a coal fired plant, but it is 
assumed that, given the high purity of CO2 from an ethanol plant (98.8% to 99.6% on a dry 
basis [249]), the small difference in the CO2 feed compositions will have a negligible effect 
on results of the subsequent analysis.  
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Hence, the mass balance and energy consumption in the methanol section, downstream 
of feed compression and dehydration, will be based on using Van Dal et al.’s simulation 
results, unchanged.  
The electricity required for feed compression and dehydration will, however, be determined 
using Aspen Plus. In this design, hydrogen (received from the electrolyser at 30 bar) is 
compressed and combined with CO2 which has been dehydrated during four stages of 
compression (from 1 bar to 78 bar). The first three stages are followed by cooling and 
water removal, after which the combined feed is sent to a fixed bed adiabatic reactor 
(operating at 76 bar and 210°C at the inlet).   
The assumed single pass conversion of CO2 is 33%, and the reactor effluent (at a 
temperature of 284°C) is cooled down by preheating the reactor feed, and supplying heat 
to other internal users, before entering a separator. In the separator, the methanol / water 
mixture is separated from unconverted gas (consisting mostly of H2, CO and CO2), which 
is recycled and combined with fresh feed to the reactor. The methanol / water mixture is 
then depressurised, heated and separated into two product streams (methanol and waste 
water) in a distillation column. The process produces three purge gas streams which are 
combined, combusted and used to generate steam. Some of this steam is exported, but 
the majority is used as a heating source in the DME synthesis section, a typical design of 
which is described by Bai et al. [217].  
In the DME plant, liquid methanol is vaporised and sent to an adiabatic reactor which 
operates at an inlet condition of 10 bar and 260°C. The methanol dehydration reaction is 
exothermic, and the reactor effluent (which contains a mixture of methanol, water and 
DME), is first used to pre-heat the feed, then cooled and sent to the first of two distillation 
columns. Here, the DME product is separated from a water / methanol mixture, which is in 
turn separated in a second distillation column. Unreacted methanol is recycled and 
combined with the fresh feed to the reactor. The wastewater is combined with water 
produced in the methanol section and sent for treatment. A small amount of non-
condensable gas, produced in the process, is flared.  
In this study, the capital cost of the methanol and DME synthesis sections will be 
determined through the same method described earlier, and the assumed reference costs, 
capacities and scaling exponents are shown in Table 5.4.  
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To remain consistent with the project financing assumptions in the USDOE hydrogen 
analysis referred to earlier, it is assumed that these sections will have a capital cost 
recovery factor of 14.7%9.  
Table 5.4 - Overnight capital costs – India location (2016 Million US$) 
Area 
Reference  
Cost (Co) a 
Reference  
Capacity (So) 
Unit 
Scaling Exponent  
(f) 
Methanol production b 269 1,320 tonne per day methanol 0.65 
DME production c 118 1,157 tonne per day DME 0.65 
 
Notes: 
a. Similar to the electrolysis section, the assumed India location factor was 1.02 [245]. It is recognised that this will 
likely be affected by site specific conditions, and may be adjusted by the reader accordingly. 
b. Based on a (2014) cost estimate [231] for a plant in Europe which substantially resembles the chosen 
configuration, although more complex. The conversion assumes a € to US$ exchange rate of 0.753, a 
European location factor of 1.043, and a CEPCI of 576.1 for 2014.  
c. Based on a (2013) cost estimate [77], for a methanol dehydration facility in Australia containing the same unit 
operations, although configured slightly differently. The conversion assumes a US$ to A$ exchange rate of 0.9, 
an Australian location factor of 1.15, and a CEPCI of 567.3 for 2013. 
5.3 Results 
5.3.1 Mass balance, energy balance and process efficiency 
A summary of the main material flows in the integrated facility, based on the described 
process configuration, is shown in Table 5.5. The energy balance of the facility is shown in 
Table 5.6.  
The energy balance is approximate and does not include minor energy demands (used to 
provide other utilities, product storage, etc.) in the plant. Only electricity is imported as an 
external energy source, since the heating demands in the process are met through the 
internal use of reaction heat generated during methanol and DME synthesis, and steam 
generated through the combustion of purge gas in the methanol synthesis plant. The 
overall energy efficiency of the process is approximately 56%. The efficiency of the section 
of plant upstream of the DME synthesis section (59%), is of a similar order of magnitude 
as the efficiencies of other systems (with slightly different configurations), previously 
evaluated [250].  
                                            
9 The capital recovery factor assumes that the project will be financed using 100% equity, and up to the commencement 
of operation, the overnight costs will increase with inflation (at an assumed rate of 2%). It is further assumed that capital 
costs will be depreciated over 20 years (using the modified Accelerated Cost Recovery System (MARCS) schedule 
applied by the United States IRS), a tax rate of 38.9%, project life of 40 years and an after-tax IRR of 10%. In contrast to 
electrolysis plant (which assumes a one-year construction), it is assumed that this part of the plant will be constructed 
over two years (with 30% of the capital expended in the first year). It is recognized that this will be reliant on local Indian 
conditions and different project financing arrangements, and the reader may therefore adjust this figure accordingly. 
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Table 5.5 - Main material flows (normalised to total electricity input) 
Material Inputs 
H2O (kg per MWh input electricity) a 161 
CO2 (kg per MWh input electricity) a 131 
Intermediate Products 
H2 (kg per MWh input electricity) a 18 
Methanol (kg per MWh input electricity) a 88 
Material Outputs 
O2 (kg per MWh input electricity) a 143 
H2O (kg per MWh input electricity) b 75 
DME (kg per MWh input electricity) c 63 
Other streams (kg per MWh input electricity) d 11 
 
Notes: 
a. Based on a plant simulation done by Van dal et al. [230]. 
b. This is the sum of reaction water produced during methanol synthesis and the synthesis into DME. 
c. Based on a yield predicted in a simulation by Bai et al. [217]. These yields corresponded well with values cited 
in a technical brochure of a commercial DME technology provider [148]. 
d. Includes purge gas produced in the methanol and DME synthesis plants. 
 
Table 5.6 - Energy balance 
Plant section Variable Value 
Electrolysis a 
Stack electricity use (kWhel per tonne DME) 13891 
BOP electricity use (kWhel per tonne DME) 1440 
Methanol production b 
Feed compression electricity use (kWhel per tonne DME) 386 
BOP electricity use (kWhel per tonne DME) 68 
Steam use (kWhth per tonne DME) -665 
DME production c 
Steam use (kWhth per tonne DME) 583 
Electricity use (kWhel per tonne DME) 11 
Net energy consumed (kWh per tonne DME) 15713 
DME energy produced (kWh per tonne DME) - HHV basis 8793 
Total efficiency (%) - HHV basis 56% 
 
Notes: 
a. Based on estimates by the US Department of Energy [224] using polymer electrolyte membrane (PEM) 
electrolysis. The stack electricity assumes an electricity consumption of 49.2 kWh per kg H2 and the BOP 
electricity an electricity consumption of 5.1 kWh per kg H2 
b. The consumption associated with CO2 capture and feed compression was based on a simulation using Aspen 
Plus. The steam production and BOP electricity use was based on work done by Van Dal et al. [230] but 
excludes the potential generation of a minor amount of internal electricity through the use of heat recovery and 
an organic Rankine cycle. 
c. Based on estimates by a commercial DME technology provider [148]. 
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5.3.2 Production cost 
A summary of the performance metrics and production costs, associated with the 
renewable DME plants described earlier, is shown in Table 5.7.  
Table 5.7 - Performance metrics and production cost estimates 
Main plant inputs and outputs 90 ML per year 9 ML per year 
Total electricity consumption (MWh per year) 518,869 51,887 
CO2 feedstock consumption (tonne per year) 67,950 6,795 
Intermediate methanol production (tonne per year) 45,789 4,579 
Oxygen production (tonne per year) 74,127 7,413 
DME production (tonne per year) 32,849 3,285 
Production cost estimates 90 ML per year 9 ML per year 
Annual capital cost  
(2016 - Million US$) 
Electrolysis plant 15.3 1.5 
Methanol + DME plant 13.5 3.0 
Annual operating costs 
and revenues  
(2016 - Million US$) 
Electricity - Electrolysis plant a 40.3 4.0 
Electricity - Methanol plant + DME plant a 1.2 0.1 
Other O&M costs - Electrolysis plant 4.6 0.5 
Other O&M costs - Methanol + DME plant b 3.7 0.8 
CO2 feedstock c 0.7 0.1 
Oxygen revenue d 0.0 0.0 
Total plant 
Net production cost (Million US$ per year) 79.3 10.1 
DME production cost - $ per tonne DME 2,413 3,061 
DME production cost - $ per MWh e 301 382 
 
Notes: 
a. Assumes an electricity price of $80 per MWh (which is based on the current on-shore wind LCOE in India 
[251]). 
b. The annual non-fuel operating cost for the methanol and DME plant sections was assumed to be 4% of the 
overnight capital cost [149]. 
c. Based on a cost allowance of $10 per tonne for CO2 supplied over the fence. 
d. Assumes no revenue from the sale of produced oxygen. There may be an opportunity for revenue from this 
source but this will depend on location, the determination of which is outside the current scope of work.    
e. This is based on an assumed lower heating value (LHV) for DME of 28.9 MJ per kg. 
f. All figures assume an overall plant utilisation of 82% (to correspond with a benchmark online time of 300 days 
per year for ethanol plants in India). 
 
Given the very large difference in the production capacities of the two plants, the relative 
difference in the per-unit production costs (Figure 5.3) is quite small. Two factors 
contribute to this observation. Firstly, the cost of electricity (which is largely consumed in 
the electrolyser) scales linearly with capacity and is the largest single contributor to the 
overall production cost. Similarly, and unlike most process plants which may benefit from 
economies of scale, the electrolysis plant does not [225]. 
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Figure 5.3 - CO2 to DME plant production cost breakdown (current) 
On an energy equivalent basis, the production costs of the two cases are between three to 
four times higher than a historically high Indian LPG price (recorded in March 2012). 
Hence, these would have to reduce significantly for this alternative to become 
economically viable, and it is evident that a reduction in the costs associated with 
hydrogen production will have a key role to play. In this regard, the future (2025), non-
electricity related capital and operating cost targets set by the USDOE are approximately 
57% lower than the costs assumed thus far. Similarly, the target electricity consumption is 
approximately 7.6% lower. Although smaller in impact, the costs of the methanol and DME 
synthesis will also decrease if larger scale plants can be built. Staying with a model of 
receiving CO2 over the fence, this will require supply from a larger scale ethanol plant 
which is, from a technical perspective, feasible. For example, there are plans afoot to 
construct a sugar based ethanol plant with a capacity of 700 ML per year [252] and several 
(corn-based) ethanol plants in the US have capacities of more than 180 ML per year [253].  
Even the largest next generation, cellulose based ethanol plant, has a capacity of 114 ML 
per year [254]. An estimate of production costs, based on an assumed future scenario in 
the year 2040, is depicted in Figure 5.4.  
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Figure 5.4 - CO2 to DME plant production cost breakdown (future) 
This scenario assumes that by 2040 the production capacity of India’s largest ethanol plant 
would have increased to at least 180 ML per year and that the (2025) USDOE electrolysis 
performance targets had been achieved (but remained constant thereafter). The estimates 
of the expected (2016 $ energy equivalent) LPG price10 in 2040, for the high ($252 per 
barrel), reference ($141 per barrel) and low ($76 per barrel) oil price scenarios described 
by the latest International Energy Outlook [51]11, are also shown. Based on these 
assumptions and oil price projections, the 180 ML per year case becomes economically 
viable in the high oil price scenario and electricity costs below $45 per MWh. In contrast, it 
will not be economically viable in either the reference or low oil price scenarios for the 
power prices considered. 
  
                                            
10 This price is referred to as the Refinery Transfer Price (RTP), which is paid by Oil Marketing Companies (OMC’s) to 
refineries. It is an import parity price, and determined by the prevailing weighted average Saudi Aramco contract price for 
propane (40%) and butane (60%) in the Arabian Gulf, the cost of ocean freight from the Arabian Gulf to ports in India and 
customs duty and import charges10. The historical (yearly average) relationship between the LPG RTP and the Brent oil 
price (at an average transport cost of $35 per tonne) shows a linear relationship (with a correlation coefficient of 0.99), 
where the 𝐿𝑃𝐺 𝑃𝑟𝑖𝑐𝑒($ 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒) = 8.0289 ∗ 𝐵𝑟𝑒𝑛𝑡 𝐶𝑟𝑢𝑑𝑒 𝑂𝑖𝑙 𝑃𝑟𝑖𝑐𝑒 + 41.084  
11 The quoted (2016 US$ equivalent) oil price figures were calculated by multiplying the 2013 US$ equivalent numbers in 
the 2016 International Energy Outlook by the EIA by the ratio of the average US consumer price indices (CPI) for 2016 
(240.008) and 2013 (232.957). 
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The analysis has not considered the potential revenue from the sale of O2 since it is 
expected that the viability of this may be very location and market dependent. That being 
said, prior studies [216, 255] have shown that the sale of high purity electrolytic oxygen 
can reduce the net production cost of methanol by a significant margin (in one case more 
than 10% [216]) and is an area worthy of future study.  
Conversely, the overall production cost will likely increase if (more dilute) waste CO2 from 
other industries is used. For example, a CO2 capture cost of $60 per tonne (which is within 
the range determined for coal fired power plants [246]) will increase the DME production 
cost by approximately $13 per MWh. Compared with the other costs, this contribution is 
modest. The additional (per unit) cost may be offset by the construction of larger plants 
(enabled by a larger quantity of available CO2), and the use of CO2 from India’s power 
generation and cement sectors are therefore potential areas for further investigation.  
5.3.3 CO2 emissions 
The combustion of purge gas produced in the process results in the emission of 
approximately 5,300 tonnes per year of CO2 from the 90 ML per year case production 
plant. Ultimately, these emissions are however CO2 feedstock derived, and the remaining 
carbon in the CO2 feedstock reports to the DME product. Drawing a boundary around the 
plant (and thereby ignoring the CO2 emitted during sugar cane harvesting, transport and 
processing) the carbon intensity (in tonnes of CO2 per GJ of exported energy) associated 
with the DME production process is therefore negative. Combustion of the fuel at the point 
of end-use also emits CO2, and the sum of this and plant emissions is equivalent to the 
CO2 that is originally captured from the fermentation plant. From this perspective, the 
produced DME may be classified as a CO2-neutral emissions cooking fuel.  
Comparatively, the use of LPG as a stationary cooking fuel is expected to result in (Scope 
1) CO2 emissions [256] of approximately 218 kg per MWh (HHV) [257]. Therefore, cooking 
with the DME produced in the 90 ML per year case, instead of LPG, will avoid the 
emission of roughly 63,000 tonnes per year of CO2. Similarly, the (Scope 3) CO2 
emissions, associated with the extraction and transport of LPG is 13 kg per MWh (HHV). 
Comparatively, it is expected that this emission in the DME case (attributable to the 
transport of the fuels to the point of end-use) will be lower, but requires a more detailed 
analysis which is outside of the current work scope.   
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5.4 Competing fuels and end-uses 
There are several other potential alternative cooking fuels, in addition to DME. For 
example, and although still at a small scale, ethanol or ethanol gel are being promoted as 
cleaner cooking fuels [15, 62-66]. The use of methanol as a household fuel is similarly 
being considered [258].  
With regards to the former, and in the context of converting electricity into liquid fuels, 
Atsonios et al. [223] showed however that producing ethanol through the thermocatalytic 
hydrogenation of CO2 would be significantly more costly than methanol. Similarly, and 
based on the preceding analysis, the production of methanol is evidently less costly than 
DME. Methanol, therefore, has an advantage in this respect but, in contrast to DME 
(blended with LPG), its use will require a dedicated cook stove, and the integrated value 
chain between producer and end-user is yet to be demonstrated at large scale. The same 
holds true for ethanol. There are also other tradeoffs to consider, including the health and 
safety risks associated with the different fuel types. These are potentially areas worthy of 
further study. 
Traditionally, the cost of electricity (plus a stove) has made cooking through this means 
more expensive than using LPG [14] and, although 75% of Indian households had access 
to electricity in 2010 [50], less than 0.1% used it for cooking in 2011[147]. It may be 
argued, however, that cooking with electricity will become more attractive if this cost 
difference narrows as a result of increasing oil prices. In this regard, LPG has been 
described as a transition cooking fuel with some households switching to electricity as 
soon as supply becomes reliable [13]. The use of electricity will also depend on the level of 
access however, and predictions up to 2040 [3] suggest that LPG will be used as a 
cooking fuel for the foreseeable future.  
Beyond cleaner cooking fuels, it has been argued that the conversation on reducing 
energy poverty should be expanded, and include discussion of the use of energy as a 
means of enabling productive use and mobility [20].  
In this respect, and starting with electricity as a potential energy source, the International 
Energy Agency (IEA) expects that the use of electric vehicles will grow and that by 2040 
there may be up to 150 million vehicles globally, approximately 10% of which will be in 
India [3].  
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Comparatively, India’s total vehicle fleet (comprising cars, trucks and three-wheelers) is 
expected to grow by more than 465 million vehicles over roughly the same time period, 
resulting in an increased dependence on gasoline and diesel [21]. As a result, electricity 
derived transport fuels may have a role to play for some time to come.  
The use of hydrogen is one option which continues to receive attention, and the potential 
substitution of diesel, with DME, was mentioned earlier. Although the challenges 
associated with hydrogen are arguably more significant, both these options will require a 
dedicated distribution infrastructure and new or modified vehicle engines. The use of 
methanol, blended in low concentrations with gasoline, will however not. The current 
Indian gasoline fuel specification requires modification to allow methanol blending, but it 
has been demonstrated elsewhere. For example, the current European gasoline 
specification allows for the addition of up to 3% methanol, and 14 (out of 23) of China’s 
provinces have standards in place to regulate this (with fuel containing between 5% and 
100% methanol) [69]. A more thorough evaluation is beyond the scope of this study, but 
an area worthy of future investigation.  
5.5 Conclusion 
The economic viability of cooking with CO2 neutral DME in India, produced by combining 
hydrogen (derived from electrolysis using renewable electricity) with waste CO2, is highly 
dependent on the hydrogen cost. This depends on the capital cost and energy efficiency of 
the electrolyser on the one hand, and the cost and availability of the renewable electricity 
on the other. India’s renewable electricity potential is particularly strong in its ethanol 
producing regions and the cost and difficulty of recovering CO2, released in the process of 
making ethanol, is low. This approach, therefore, holds some promise in these locations. 
Results suggest that producing DME from CO2 released in a world scale ethanol 
production facility, combined with hydrogen produced in an electrolyser performing in 
accordance with USDOE electrolysis targets, may become viable under the EIA’s high oil 
price scenario, at electricity prices below $45 per MWh.  
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PART III: DISCUSSION AND CONCLUSIONS 
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6 Major findings, conclusions and recommendations for 
further work 
This chapter reviews the key conclusions and synthesises key findings. Section 6.1 is 
drawn from Objective 1, Section 6.4 from Objectives 2 and 3, and Sections 6.2, 6.3 and 
6.5 from Research Objectives 2,3 and 4. Areas worthy of further investigation are identified 
in Section 6.6.  
6.1 Human wellbeing, energy poverty reduction, sustainable 
development and alternative liquid fuels in India 
The analysis in Chapter 2 showed that there is a strong correlation between the global 
consumption of crude-oil derived liquid fuels and the HDI, GDP and GNI of countries. 
Consequently, and since oil is a globally traded commodity, the proportional share of 
income used to purchase fuel is much larger in less developed countries when compared 
with richer, more developed countries. Extended periods of high oil prices have been 
shown to exacerbate poverty in developing countries that are dependent on oil imports, 
either through the contraction of the economy or increased external borrowing to restore a 
balance of payments. Access to oil is, therefore, strongly linked to human wellbeing. 
Additionally, and since cooking with LPG holds significant health benefits when compared 
with the use of traditional fuels, various governments (including India) are actively 
promoting and incentivising its use as a means of reducing energy poverty. Aside from 
cleaner cooking fuels, the access to energy used for productive purposes and mobility is 
equally important in promoting development. By extension, this requires access to other 
petroleum fuels (such as diesel and gasoline), besides LPG.  
A review of the global status of alternative liquid fuels production (Chapter 2) highlighted 
that several countries, including China, Brazil and South Africa, have been successful in 
using alternative liquid fuels, produced from domestic feedstocks, as a means of 
augmenting the supply of crude-oil derived equivalents, in significant proportions. China 
has focused strongly on reducing the dependence on oil imports through the production of 
methanol and methanol derived fuels. These derivatives include DME, more than 90% of 
which is currently blended with LPG.  
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Besides a reduction in the dependence on imported oil, there is a strong synergy between 
the production and use of (affordable) alternative liquid fuels and several of the United 
Nations sustainable development goals. These include the provision of affordable and 
clean energy, promoting economic growth, climate action, reducing inequality and 
improving health and wellbeing. Also, and consistent with the Framework for Strategic 
Sustainable Development (FSSD), it was assumed that in the pursuit of a more 
sustainable future, the replacement of fossil fuels might be done through a phased 
substitution with alternatives, produced from increasingly cleaner fossil fuel and renewable 
feedstock combinations. In this regard, Chapter 3 showed that, based on the provision of 
an equivalent amount of cooking energy and co-produced electricity, the conversion of 
low-grade coal to DME would require less coal when compared with a scenario where coal 
is used directly for cooking and to generate an equivalent amount of electricity. The 
potential reduction in coal consumption (illustrated in Table 3.4) was estimated to be 
approximately 36% in a recycle configuration and 16% in a once-through configuration and 
is, in the context of the FSSD, representative of a strategy aimed at dematerialisation. 
Similarly, the production of DME using MSW (discussed in Chapter 4) or waste CO2 
(discussed in Chapter 5) are also examples of this strategy.  
A review of alternative fuels research (Chapter 2) showed that, to date, the focus in India 
has largely been on the production and use of ethanol and biodiesel, and that DME has 
received little to no attention. Future projections suggest that by 2040, India will be 90% 
dependent on fuel imports, and become the world’s largest LPG importer. To reduce this 
dependence, and following the example set in China, the use of domestically produced 
DME to augment this growing demand is, therefore, worthwhile considering. International 
case studies (Chapter 2) showed however that affordability is a key consideration in 
households deciding to adopt LPG, and that an increase in its cost could result in a 
reversion to the use of solid cooking fuels. To be considered economically viable, the cost 
of domestically produced DME would have to be equal or lower than the cost of imported 
LPG which is, in turn, strongly linked to the prevailing crude oil price. Beyond the oil price, 
the economic viability is dependent on a variety of factors, including capital cost and scale, 
and these aspects are explored in more detail in the subsequent section. 
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6.2 The economic viability of DME production using different Indian 
feedstocks 
Estimates of the (LPG equivalent) production cost associated with each of the cases 
investigated in this study are depicted in Figure 6.1.12 13  
 
Figure 6.1 - Production cost estimates 
As stated in Chapter 2, these estimates are deemed to be, in the vernacular of the 
Association for the Advancement of Cost Engineering (AACE), at a “Class 5” or “concept” 
level [132] with an associated accuracy range of -50% to +100%. As was highlighted in 
prior chapters, these estimates may be optimistic, and results should be viewed in this 
context. 
Figure 6.1 also shows the current (August 2017) LPG import parity price ($379 per tonne 
or $8.30 per GJ), associated with an oil price of $47.49 per barrel. Clearly, none of the 
cases would presently be economically viable without the aid of external subsidies or 
incentives.  
                                            
12 Please note that negative costs are indicative of revenue.  
13 To link with the discussion in Section 6.5, the depicted gasification based cases all assume the capture and 
compression high purity CO2 produced in the process, ready for injection into a pipeline at the plant boundary. 
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The use of low-grade Indian coal in Jharkhand (Chapter 3), in a configuration which 
maximised the yield of DME (as opposed to electricity), had the lowest predicted 
production cost, with an associated breakeven oil price of $73 per barrel. The cost of 
producing DME from renewable hydrogen, combined with CO2 released from ethanol 
plants (Chapter 5), proved to be the highest, and several orders of magnitude higher than 
the other two feedstocks investigated.  
A sensitivity analysis in Chapter 5 demonstrated however that, under the EIA’s high oil 
price scenario, even plants producing CO2-neutral DME might hold some future promise at 
electricity prices below $45 per MWh. By extension, and under a similar oil price scenario, 
the other alternatives will become economically viable sooner. Alternatively, and from the 
perspective of demonstrating what a best-case scenario might look like, it should be noted 
that the overall plant availability (82%) was assumed to be dependent on the availability of 
CO2 and not the availability of renewable electricity. It is recognised that this assumption is 
likely optimistic and, should the net availability be lower, the economics would be worse.  
In all cases, capital cost recovery was responsible for the largest proportion of the DME 
production cost14. Capital cost may be highly scale dependent and the impact of scale was 
explored in both Chapters 4 and 5. Chapter 4 showed that, based on the use of a coal / 
RDF blend containing 50% RDF, the production cost in a plant with a throughput of 1400 
tpd was approximately 79% of the cost achieved in a base case plant (which consumed 
700 tpd of feed). Similarly, the production cost in a plant with a throughput of 2800 tpd 
would be 65% of the equivalent cost in the base case plant. In the case of producing CO2-
neutral DME (Chapter 5), the impact of scale was found to be much less. Here, and based 
on CO2 released from one of India’s largest ethanol plants, the cost of producing carbon-
neutral DME is only 78% of the cost based on the use of CO2 from a typical Indian ethanol 
plant, despite being ten times the size. This comparison assumed the use of renewable 
electricity at a similar price, and the small difference was due to the cost of producing 
hydrogen through electrolysis being the largest cost contributor, which scales 
approximately linearly with plant throughput. Thus, the impact of scale is technology-
dependent. 
                                            
14 The cost of renewable electricity, identified as a very significant production cost contributor in the cases investigated in 
Chapter 5, is also largely capital cost dependent, regardless of renewable resource. 
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All the cases investigated showed that the cost of converting (intermediate) methanol into 
DME constituted only a small part of the overall capital cost. Bearing this, and the potential 
DME market considerations (discussed in Section 6.3) in mind, it is not surprising that the 
several manufacturers in China produce both methanol and DME in a single facility, or 
focus on the large-scale production of methanol [155]. Methanol is then converted into 
chemicals and fuels (including DME, synthetic gasoline and LPG) in downstream facilities. 
This approach not only provides market diversity but also allows for the utilisation of 
economies of scale. In this respect, the coal-to-DME (RC) case depicted in Figure 6.3 was 
based on the intermediate production of 408,000 tonnes per year of methanol which is, 
although reflective of the production in (smaller) commercial scale coal-to-methanol plants, 
still modest when compared with larger scale plants in China. There, the production of 1.2 
million tonnes per year of methanol in a single plant is not uncommon [155], and one 
facility in Yulin (Shaanxi Province) has a reported capacity of 3.6 million tonnes per year 
[259].  
It is noteworthy that the current (August 2017) refinery transfer price for gasoline in Delhi is 
approximately $12.56 per GJ, which is significantly higher than the current LPG price of 
$8.30 per GJ. Therefore, and beyond potential scale-related advantages, a plant which 
produced both methanol (used for gasoline blending) and DME (used for cooking) would 
currently be significantly advantaged when compared with a plant which produced DME 
alone (presuming that both products may be sold at energy equivalent prices to their 
crude-oil derived counterparts). An investigation of the long-term gasoline vs LPG pricing 
trends, the acceptability of methanol as a gasoline blend stock in India, or indeed the use 
of DME as a diesel substitute, is beyond the scope of this study. However, further 
exploration of this concept, and the wider use of methanol derivative fuels (DME or 
synthetic gasoline (plus LPG)) is enticing and discussed further in Section 6.6.4.  
Finally, it recognised that methanol is, by being a liquid at ambient conditions, more easily 
transported than DME, which requires the use of pressurised ISO tank containers, tanker 
rail cars, road tankers or pipelines. On the other hand, methanol’s volumetric lower heating 
value (16.0 MJ/litre) is lower than DME’s (19.1 MJ/litre) but, if less costly, then another 
variation of the theme may be produce methanol in larger, centralised facilities and then 
transport it to smaller DME plants closer to the intended target market. Exploring this 
option is also beyond the scope of the current study, but is recommended as an area 
worthy of further study. 
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6.3 The potential broad deployment of DME production and use in India 
A theme which emerged during the study was that the production output from a single 
facility could supply the cooking fuel needs of a significant number of people. For example, 
Chapter 5 showed that the quantity of DME, produced through the combined use of 
renewable hydrogen and CO2 released in one of India’s largest ethanol plants, could 
satisfy the clean cooking needs of approximately 940,000 people.  
Similarly, Chapter 4 demonstrated that the output of a DME plant, based on the combined 
use of coal and 10% of MSW produced in Kolkata, in a 50/50 ratio, could supply the 
cooking requirement of 2.1 million people. At a larger scale, Chapter 3 concluded that 
DME, produced from the amount of low-grade coal used for cooking in Jharkhand in 2011, 
could satisfy the cooking needs of 26% of Jharkhand’s population (of 32 million). Finally, 
and although a reasonable proportion of global methanol production in 2015 (71 million 
tonnes), the conversion of China’s Yulin facility output (discussed in Section 6.2) into DME 
would have been sufficient to support the cooking needs of approximately 6% of India’s 
population (or 73.8 million people) in 2011. Based on the conversion efficiencies 
determined in Chapter 3, a similar size plant in India will require approximately 10 million 
tonnes per year of (low grade) coal, which is less than 1.2% of the total amount consumed 
in India in 2015 / 2016 [260]. Therefore, and with estimated coal reserves of more than 
301 billion tonnes [144], and the availability of multiple alternative, more sustainable 
feedstocks, it is unlikely that the growth in a DME industry will be feedstock constrained. 
Although the use of neat (i.e. 100%) DME for cooking is technically feasible, it will require 
small modifications (change of seal materials and regulators) to standard LPG gas bottles 
and cooking devices. Although these changes are relatively minor, the blending of DME 
with LPG (up to a maximum of 20% (by volume)), will require no such modifications. In this 
case, DME may be classified as a drop-in cooking fuel. The trade-off is that blending will 
require a much larger market. Chapter 3 highlighted for example that, even if Jharkhand’s 
entire population converted to LPG, this market was not large enough to accommodate all 
the DME produced in the recycle case, necessitating product export to adjacent states. 
Likewise, and in the Yulin example mentioned earlier, the quantity of DME produced would 
have required approximately 50% of the total (2011) Indian population to have converted 
to cooking with LPG.  
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According to the 2011 India Census, only 29% of Indian households were using LPG / 
PNG for cooking, and the total market was therefore not yet large enough to absorb this 
quantity of DME. The link between economic viability and scale was explored in Section 
6.2 and, from the perspective of affordability, the pace at which the Indian LPG cooking 
fuel market grows and develops may have a significant impact on the deployment rate of 
DME produced as a cooking fuel.  
Used alternatively, the discussion in Chapter 2 highlighted that DME’s high cetane number 
makes it an ideal compression ignition fuel which, compared with diesel, produces less 
particulate matter, carbon monoxide, unburnt hydrocarbons and nitrogen oxides (NOx) 
during combustion. Several original equipment manufacturers (OEM’s), including Volvo, 
Isuzu and Ford, have therefore been developing vehicles to run on DME. None of these 
are yet commercially available, and in this respect, and like the “cooking fuel scenario” 
described earlier, the wider use of DME may also be dependent on the development and 
growth of this market.  
The potential economic benefits associated with the co-production of methanol and DME 
were discussed in Section 6.2 but will require the wider adoption of methanol (or 
derivatives) as a fuel source. In this respect, Chapter 2 highlighted that 14 (out of 23) of 
China’s provinces have standards in place to regulate the blending of methanol with 
gasoline (with fuel containing between 5% and 100% methanol). Methanol blending will 
require modification of the current Indian gasoline fuel specification, but there will likely be 
several other aspects to consider, some of which are discussed in Section 6.6. 
6.4 Gasification technology and Indian feedstocks 
To reduce economic risk, and due to the capital-intensive nature of gasification based 
DME production, the pursuit of doing so (at large scale) necessarily requires a mature 
gasification technology.  
In this regard, a technology review in Chapter 3 highlighted that entrained flow gasification 
technology was used in approximately 94% of the coal to chemicals (and liquid fuels) 
plants globally but was not suitable for use with typical (low grade) Indian coal. Fluidised 
bed gasification technology was however found to be suitable for this purpose, and 
commercial fluidised bed scale gasifiers are, although less common, currently operational 
in China.  
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Likewise, the production of methanol from a blended feedstock containing coal and dried 
MSW was demonstrated in a commercial plant in Europe which utilised fluidised bed 
gasifiers. The co-gasification of coal and MSW enables the utilisation of economies of 
scale (discussed in Section 6.2) but is not the only approach suited to the conversion of 
MSW into syngas. In this regard, the technology review in Chapter 4 highlighted that, in 
the context of producing DME from a feedstock entirely derived from MSW, the use of 
fluidised bed gasifiers was less costly than other gasification technologies.  
Therefore, and in the context of “killing two birds with one stone”, a focus on the 
development and use of fluidised bed gasification technology, tailored to domestic solid 
feedstocks, may be appropriate and an important part of the establishment of a 
gasification based industry in India.  
6.5 The production of DME and the transition to a lower carbon future 
A profile of the carbon intensity of the cases described in Chapters 3 through 5, including 
production and end-use, but excluding extraction of the resource and product distribution 
is shown in Figure 6.2. Estimates of the amount of CO2 generated when using coal, 
biomass or coal-based electricity for cooking are also depicted, and all values have been 
normalised to an equivalent amount of effective cooking energy.   
Depending on the source of biomass, how cleanly it is burned, and several other factors, 
the emissions associated with its use may be carbon neutral. However, and looking at it 
from a “total emissions” perspective, the use of biomass in a traditional cookstove (with a 
typical efficiency of 15%) [14] is very carbon intensive. Transitioning to the use of an 
improved cookstove (with an efficiency of 30%) leads to a significant reduction in CO2 
emissions, comparable with the intensity associated with coal-based electricity, but still 
generates almost three times the amount when compared with the use of LPG. 
The use of cooking energy (DME plus electricity) derived through the conversion of low-
grade coal is less carbon intensive than the use of coal (or biomass in a high-efficiency 
cook stove). Using a recycle (RC) configuration, the total plant and end-use emissions 
associated with the use of cooking energy produced from higher grade coal (combined 
with RDF) are of a similar order of magnitude to the use of low-grade coal. 
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Figure 6.2 - CO2 emissions of various cooking fuel alternatives15 
However, a portion of these emissions are “non-fossil fuel” derived, and the carbon 
intensity of this approach may be significantly offset through the avoidance of methane 
emissions which would otherwise be generated if RDF were not used for this purpose. 
The quantity of high purity CO2 produced in each of the gasification cases is also shown 
and constitutes a very significant proportion (>50%) of the total. CO2 in this form is likely to 
be suitable for sequestration and saline aquifers of oil and gas bearing sedimentary 
basins, depleted oil and gas fields and basalt formations have been identified as potential 
storage locations in India [261]. Estimates of the theoretical CO2 storage capacity of India 
vary between 47 and 143 billion tonnes [262] which is very large when compared with the 
total emissions of a Yulin size DME plant (described in Section 6.3) of approximately 0.01 
billion tonnes per year.   
                                            
15 Like the assumptions in Chapter 3, the displayed estimates all assume a cooking device efficiency of 60% with the use 
of DME and 71% with the use of electricity, and the “effective cooking energy” is defined as the energy in the cooking 
fuel (in MWh) multiplied with the cooking device energy efficiency. The estimates for the gasification based cases (Coal 
to DME – OT and RC, MSW to DME – 25% RDF and 50% RDF) includes an allowance for electricity consumed to 
compress the high purity CO2 to a pressure suitable for transport and storage. It is assumed that coal fired electricity 
generation will produce 0.93 tonnes of CO2 per MWh, which was equivalent to an average of regional emission in India in 
2009 / 2010. The lower heating value (LHV) of the biomass (firewood) was assumed to be 15 MJ per kg and its dry 
ultimate analysis was based on (http://www.treepower.org/fuels/analysis.html). The estimate of the emissions generated 
using through the use of traditional cookstoves assume that all of the carbon in the fuel converts to CO2 when combusted 
(which may not be the case). LPG is assumed to consist of 60% butane and 40% propane, with an associated LHV of 
45.7 MJ/kg. 
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It should be recognised however that the implementation of carbon capture and storage 
(CSS) technology in India is still mostly at a research and development stage [263], and 
that the establishment of a CCS industry faces significant challenges due to a lack of 
accurate geological storage data and high cost, in addition to several other legal, technical, 
environmental and regulatory hurdles [264]. Overcoming these challenges could contribute 
significantly to a reduction in the carbon intensity of gasification based DME production. 
Assuming that the high purity CO2 may be sequestered, the carbon intensity associated 
with all of the cases shown will be roughly similar to (or lower than) the intensity 
associated with the use of LPG. A further reduction through the capture and sequestration 
of the dilute CO2 streams are technically possible but would likely be costly and result in a 
more significant energy penalty, proportional to the amount captured. 
Although much cleaner, the production of carbon-neutral DME is several times the cost of 
coal-derived DME which is, in the absence of CCS, very carbon intensive. Additionally, 
and whereas coal-to-DME facilities may be constructed at very large scale, the economic 
benefits associated with constructing larger carbon-neutral DME plants are expected to be 
modest. In this respect, Figure 6.2 shows that the use of RDF, combined with coal, could 
reduce the carbon intensity of the resultant DME. This approach may represent a potential 
compromise between carbon intensity and cost in the shorter term. Recovering energy 
from large quantities of waste collected in India’s large metropolitan cities, whilst 
addressing many health and safety issues associated with MSW management, is an 
enormous opportunity which would benefit from further research. Potential opportunities in 
this regard are briefly discussed in Section 6.6.3. 
Finally, it is worth noting that, if the whole of India’s current population converted to the use 
of LPG for cooking, this would result in the emission of approximately 88 million tonnes of 
CO2. Comparatively, if the outputs of the RC coal-to-DME plant were used for the same 
purpose, the equivalent figure would be 224 million tonnes. This is equivalent to 3.6% and 
9.1% of the estimated 2.5 billion tonnes of CO2 (attributed to fossil fuels and industrial 
processes) emitted in India in 2015 [265]. Although a relatively large amount in absolute 
terms, this is however very modest from a per-capita point of view. In this regard, the per-
capita (cooking related) emissions associated with LPG will be approximately 0.4%, and 
the RC coal-to-DME plant output 1.1%, of the total per capita emissions in the United 
States in 2015 [266]. 
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6.6 Recommendations for further research 
Opportunities for further research identified during this PhD include the following:  
6.6.1 A comparative evaluation of the construction industries in India 
and China  
It is noteworthy that, based on a location factor, the construction of facilities in China are 
expected to cost significantly less than similar facilities in India. In this respect, and 
although very situation-specific, a recent source cites the cost of indigenous Chinese 
construction as being approximately 60% of the cost of building equivalent facilities in India 
[245]. Lower capital costs are likely one significant reason which has enabled the cost-
competitive production of DME (and methanol) in China and a 33-fold expansion in the 
country’s domestic DME industry over the past 15 years. Combined with larger scale 
production, a location factor related decrease of this magnitude will reduce the production 
costs depicted in Figure 6.1 by a very significant margin. Investigating the means of 
achieving a similar outcome in India was outside of the scope of the current study, but is 
identified as an area worthy of further exploration. 
6.6.2 A macroeconomic evaluation of DME production in India  
The various economic evaluations in this PhD project focused on the determination of 
DME production cost at the micro level and excluded a consideration of the impact of 
financial incentives, rebates or subsidies from the Indian Government.  
It is recognised however that the construction of domestic DME facilities will have a wider 
macro economic impact through the stimulation of local investment and enhancement of 
economic growth. Economic growth may, in turn, enable a larger part of the population to 
convert to the use of cleaner cooking fuels and provide a motivation for the government to 
support or invest in such a venture. Therefore, it is recommended that the current work be 
expanded to determine the macroeconomic impact associated with domestic DME 
production to determine whether such government support may be justified. 
It is further recommended that this evaluation be extended to include a determination of 
the relative external costs (impact on human health, productivity, environmental damage, 
etc.) associated with the production and use of DME, compared with the use of solid 
cooking fuels. 
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The difference may be significant, as demonstrated in a study by Larson et. al which found 
that not only could the use of  DME avoid almost all of the health-related costs associated 
with the use of solid cooking fuels in China, but that, brought to a common basis, these 
health costs also exceeded the production costs of coal-derived DME by a significant 
margin [29]. 
6.6.3 Broadening the investigation of DME derived from MSW 
The analysis presented in Chapter 4 was based on using a relatively modest portion (10%) 
of the available MSW in Kolkata and, although there may be a greater potential, a more 
definitive estimate was challenged by the availability of data. This included data on the 
physical characteristics of the waste, the knowledge of which would enable the design of 
an optimal RDF plant process configuration, and determination of associated recovery 
rates.  
Furthermore, and in contrast to gasification based DME production, an extension to the 
current analysis could include the evaluation of DME produced from biogas released from 
a capped sanitary landfill. In this regard, numerous small scale gas-to liquids (“mini- GTL”) 
technologies are emerging which are focused on the conversion of small quantities of gas 
(some lower than 1 million scfd) into higher value products, including methanol and DME 
[142]. A more detailed investigation of these options will contribute to a clearer picture of 
the potential of MSW as a DME feedstock, and is recommended as a next step. 
6.6.4 An evaluation of the adoption of a methanol economy in India 
The discussion in Section 6.2 showed that, from an economic viability point of view, the 
wider adoption of domestically produced methanol and methanol derived fuels may be 
worthwhile considering. In addition, and through the concept of the methanol economy, 
Chapter 2 raised the point that the production and use of DME as a cooking fuel potentially 
forms part of a much larger future picture. Here, it was highlighted that incremental 
investments in sustainable solutions should not be short term focused, but rather provide 
technically feasible stepping stones linking future investments in the same direction.  
In the context of DME production, and to avoid assets becoming stranded, this will require 
consideration of the likelihood, and estimated timing, of its use potentially becoming 
redundant in the future.  
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In this respect, and although IEA predictions suggest that LPG’s use as a cooking fuel in 
India is expected to grow significantly in the foreseeable future (2040), some view it as a 
transition cooking fuel over the longer term, with households ultimately switching to 
electricity as soon as supply becomes reliable. DME plants are typically built for an 
operating life of 25 years or more, and the likelihood and rate of this transition will be of 
interest to project developers aiming to produce DME for the cooking fuel market.  
A similar consideration will apply to developers interested in producing DME as a diesel 
substitute although, and compared with a global addition of 150 million electric vehicles by 
2040, India’s total vehicle fleet is expected to grow by more than 465 million vehicles. An 
increased dependence on gasoline and diesel is thus expected in the medium term.  
Consistent with prior studies [23, 77], the work in this PhD showed that the investment cost 
associated with the plant section which produces methanol is, regardless of feedstock, 
several times the investment cost associated with the plant section which converts 
methanol into DME. As discussed in Chapter 2, methanol is a “hub chemical” which may 
be used in a wide variety of different ways which could include blending with gasoline, 
conversion into synthetic gasoline and LPG or conversion into a wide variety of other 
products. If electricity becomes the dominant cooking and passenger transport energy 
carrier over the very long term, the risk of pursuing a strategy of producing DME (via 
methanol), may have some protection through the multiple potential product pathways 
open to methanol. As proponents of the methanol economy point out, more than 60% of 
global methanol production is currently used for the manufacture of chemicals (olefins, 
formaldehyde, etc.). In this respect, methanol will not have to compete with electricity. 
The extent to which electricity becomes the dominant energy carrier in the future remains 
to be seen. It is however expected that, like other competing fuel types, its adoption will 
depend on the level of physical access, price and the cost of end-use devices associated 
with its use. Lastly, and perhaps paradoxically, Chapter 5 highlighted that the electricity 
price is also a key determinant in the cost of producing carbon-neutral methanol. In this 
respect, the availability of low-cost, carbon-free electricity will likely play a key role in 
determining the viability of George Olah’s vision of a low-carbon future, based on the use 
of fuels and chemicals derived from methanol, produced by combining recycled CO2, with 
renewable hydrogen.  
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Evaluating the wider use of methanol is already on the Indian Government’s agenda and 
will, beyond technical considerations, have wider policy implications. India’s resource and 
oil industries are largely Government controlled, and the policies that govern these will 
therefore have a direct bearing on alternative liquid fuels development.  
For example, from an end-use perspective, the adoption of DME (or other methanol 
derived fuels) will require the review of fuel use and safety standards to regulate one or 
more of the following: 
• The blending of DME with LPG 
• The use of neat (i.e. 100%) DME, either as a cooking fuel or as a next-generation 
diesel substitute 
• The use of methanol as a gasoline blendstock 
• The blending of synthetic gasoline (plus LPG), derived through the conversion of 
methanol through ExxonMobil’s MTG process, into India’s current fuel pool 
Similarly, from a production perspective, the production of DME (or other methanol derived 
fuels) will require consideration of the following:  
• Means of facilitating the development (or adaptation) of fluidised bed gasification 
technology specifically suited to Indian feedstocks 
• Means of establishing and growing a CCS industry in India 
• Competing uses for domestic coal, gas and other feedstocks (i.e. liquid fuels vs 
electricity).  
This latter point also includes water, the availability of which is location dependent. With 
respect to case study in Chapter 3, the annual rainfall in Jharkhand is in the higher Indian 
mid-range (1 m to 1.5 m) and, with many other water intensive industries such as power 
plants operational in the state, the moderate production capacity of the coal-to-DME plant, 
and the limited DME market, this is not viewed as a fatal flaw from the outset. The same is 
concluded for the case studies in Chapters 4 and 5 since Kolkata receives a high annual 
rainfall (between 1.5 m to 2.5 m), and the fact that the CO2 feedstock used to produce the 
carbon-neutral DME is ultimately derived from sugar cane, the cultivation of which water 
intensive.  
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Although water is produced in the process of dehydrating methanol to DME, the atomic H 
to C ratio in DME (3:1) is still significantly above the ratio in all the feedstocks considered. 
Water is the only other source of chemical H2, hence there will always be a net chemical 
consumption. In addition, water is used as a means of process cooling, the extent of which 
depends on the degree of water cooling used (as opposed to air cooling). The availability 
of water has been cited as a key element when considering an expansion of China’s 
already large methanol industry [267] and, although the industry in India is very small in 
comparison, this will be an important point to take into account. 
The preceding list is by no means exhaustive, and an assessment of the opportunity 
associated with establishing a local methanol economy in India, based on other 
experiences and learnings in China, is an area worthy of further investigation.  
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Appendix A – Modelling description (Low-grade coal derived 
DME) 
Purpose 
The subsequent document aims to explain the methodology used to determine the 
underlying mass and energy balances and capital costs for process configurations 
described in the paper entitled “Can coal-derived DME reduce the dependence on solid 
cooking fuels in India?”16 
Modelling approach 
Feed preparation, gasification and syngas quench 
Coal quality is a key to selecting an appropriate gasification technology, which in turn 
determines the design and operating requirements for the feed preparation circuit. In this 
context, India’s thermal coal resources have been characterised as being highly reactive, 
containing high levels ash17 and having high ash fusion temperatures [153]. North 
Karanpura coal, which has high ash deformation (oxidising and reducing) temperatures (> 
1482 °C) also fits this description [154].  
Entrained flow gasifiers are used in approximately 94% of the coal to chemicals (and liquid 
fuels) plants currently operational [155], but generally requires coal with ash contents less 
than 20% to 25% [156], and low ash melting points, and are therefore generally not 
suitable for use with typical Indian coal [157]. The use of fluidised bed gasifiers are 
however suitable for this purpose [159, 268]. 
The largest scale fluidised bed gasifier currently in service is based on the so-called U-Gas 
technology and operates at a pressure of 10 bar. Initially developed by the Gas 
Technology Institute (GTI), this technology has been commercialised by Synthesis Energy 
Systems (SES) in two coal-to-methanol plants in China using coal with ash contents 
ranging between 30% and 45% [156, 160]. it has been reported [160] that recent 
technology advancements have resulted in carbon conversions of up to 98% and cold gas 
efficiencies of up to 80% [160] .  
                                            
16 The subsequent description is a high-level overview and, as a means of providing additional information, and to allow 
for a replication of results, the associated electronic Aspen simulation models are also available in the UQ eSpace. 
17 More than 80% of India’s coal resources contain between 30% and 50% ash. 
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Although not currently operational in India, trials conducted by GTI have confirmed that 
this technology is suitable for the gasification of high ash Indian coal [268]. Another 
potential candidate is the so-called High Temperature Winkler (HTW) gasification 
technology, promoted by Thyssen Krupp Uhde, who have estimated that carbon 
conversions of 93% and cold gas efficiencies greater than 75% were expected in the 
gasification of high ash Indian coal [159]. 
Broadly speaking, and as Table A1 shows, the North Karanpura coal is (aside from having 
different ash and moisture contents) quite similar to so-called Beluga coal which has been 
described as very reactive, and containing ash with deformation temperatures greater than 
1160 °C [161]. This similarity is useful to the current analysis since the Beluga coal 
resource, located in Alaska, formed the basis of a coal-to-methanol plant feasibility study 
(using the HTW fluidised bed gasifiers) which contained a detailed cost estimate (with an 
accuracy of ± 20%) as well as a summary of utility requirements for the feed preparation, 
gasification and synthesis cleaning sections of the plant [161].  
Table A1 – Comparison between North Karanpura and Beluga coal  
Coal Type North Karanpura Beluga 
Ultimate Analysis 
C (daf %) 74.5% 73.2% 
O (daf %) 18.3% 20.2% 
H (daf %) 4.9% 5.4% 
N (daf %) 1.5% 1.0% 
S (daf %) 0.7% 0.3% 
Cl + F (daf %) 0.1% 0.1% 
Ash (ar %) 37.4% 20.7% (25.1% post drying) 
Moisture (ar %) 6.6% 23.9% (8.0% post drying) 
It is expected that the gasification of Indian coal will require a similar configuration. For this 
reason, the feed preparation section (containing a receiving, reclaiming and storage area 
for run of mine (ROM) coal, a crushing and screening circuit to produce a gasifier feed with 
a particle size distribution of less than 10 mm, and a conveying system to transport the 
coal to the gasifiers) was not modelled explicitly using Aspen Plus.  Rather, the capital cost 
and utility requirements for this section were determined through capacity scaling of the 
Beluga feasibility study figures (as outlined in Appendix C). 
It has been demonstrated that, since reaction temperatures are high in gasification, an 
assumption that the syngas reaches chemical equilibrium often results in an accurate 
prediction of the synthesis gas composition through using the RGIBBS reactor unit in 
Aspen [29].  
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A standard approach in this regard is to decompose the coal into its various element 
fractions using a RSTOIC (or RYIELD) reactor, which are then combined with oxygen, 
steam and nitrogen the RGIBBS reactor [269] 18. The equilibrium composition of the 
resulting syngas assumes that the Gibbs Free Energy of system is minimised and (at a 
specified pressure) results in the estimation of the temperature where this occurs. In the 
case of fluidised bed gasifiers (which operate at lower temperatures than entrained flow 
gasifiers, and may not reach equilibrium), it has also been pointed however that the 
inaccurate prediction of the syngas methane content is a common problem, and that a 
more accurate representation of experimental data may be gained through the restriction 
of the equilibrium temperature of individual gasification reactions in the reactor unit [270].  
Table A2 shows the results of a gasifier model developed for the current study and 
validated for three different coal feed stocks and gasification technologies. In the case of 
the first two feedstocks (Texas Lignite and Illinois no. 6 coal, both using entrained flow 
gasifiers) the assumption of chemical equilibrium resulted in syngas compositions and cold 
gas efficiencies very close to those reported in literature [29]. Applying the same 
assumption to Beluga coal in a fluidised bed gasifier initially resulted in a significant under-
prediction in the syngas methane content, but a syngas composition, very close to that 
reported in the Beluga feasibility study [161], was achieved through restriction of the 
equilibrium temperature of the steam methane reforming reaction. This latter adjustment 
was also used for the prediction of the syngas composition resulting from the gasification 
of North Karanpura coal, and results (and associated assumptions) are shown in Table A3. 
These indicate a cold gas efficiency of 76.2% and, in the context of the preceding, 
believed to provide a reasonable basis for the design of the downstream plant.  
 
  
                                            
18 This approach is illustrated in several simulation examples (including an entrained flow gasifier in a IGCC plant), 
provided as part of the Aspen Plus V8.6 software suit. In this regard, the author also wishes to acknowledge the work of 
Declan Scott, a (2014) 4th year Bachelor of Engineering student at the University of Queensland, who constructed a 
basic model which simulated the conversion of Australian coal into Fisher Tropsch liquids. The architecture of the gasifier 
simulation block in this model provided an elegant way of determining the stoichiometric coefficients associated with the 
coal decomposition, and the gasifier heat balance. Although the model required significant modification to suit the 
purpose of the current study, the overall structure did, nonetheless, provided a useful starting point to build upon. 
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Table A2 – Gasifier model validation 
Gasifier Shell Texaco HTW (10 bar) 
Coal Type Texas Lignite Illinois no. 6 Beluga 
Feed ultimate 
analysis 
 
C (daf %) 73.0% 77.2% 73.2% 
O (daf %) 19.0% 11.1% 20.2% 
H (daf %) 5.3% 5.9% 5.4% 
N (daf %) 1.3% 1.4% 1.0% 
S (daf %) 1.3% 4.3% 0.3% 
Cl + F (daf %) 0.1% 0.1% 0.1% 
Other feed 
properties 
Ash (ar %) 15.8% 8.7% 25.1% 
Moisture (ar %) 4.5% 12.0% 8.0% 
Lower heating value (MJ/kg) 22.2 25.0 18.4 
Gasifier T & P 
Gasification temperature (°C) 1,371 1,371 1,149 
Gasification pressure (bar) 29 42 10 
Coal input 
Feed rate (kg/s) 9.5 9.5 31.7 
Temperature (°C) 80.0 121.1 21.1 
Pressure (bar) 28.6 42.4 1.0 
Steam (or water) 
input 
Feed rate (kg/s) 0.0 3.1 12.7 
Temperature (°C) 0.0 121.1 250.0 
Pressure (bar) 1.0 42.4 15.0 
Nitrogen input 
Feed rate (kg/s) 0.7 0.0 0.9 
Temperature (°C) 80.0 80.0 37.8 
Pressure (bar) 28.6 42.4 11.2 
Oxidant input 
Feed rate (kg/s) 6.5 7.7 14.0 
Temperature (°C) 120.0 83.3 110.0 
Pressure (bar) 28.6 47.0 13.0 
O2 content (mol%) 94.34% 94.30% 99.50% 
N2 + Ar content (mol %) 5.66% 5.70% 0.50% 
Results Literature Simulation Literature Simulation Literature Simulation 
Syngas 
Composition 
H2O (mol%) 3.2% 3.3% 16.5% 18.7% 28.8% 28.4% 
H2 (mol%) 27.6% 27.1% 30.3% 28.0% 23.6% 24.0% 
CO (mol%) 60.7% 61.1% 39.6% 41.6% 27.6% 27.5% 
CH4 (mol%) 0.0% 0.0% 0.1% 0.0% 4.0% 3.9% 
CO2 (mol%) 2.8% 2.4% 10.8% 8.8% 14.3% 14.4% 
N2 + Ar (mol %) 5.4% 5.6% 1.6% 1.8% 1.8% 1.8% 
H2S + COS (mol%) 0.4% 0.4% 1.0% 1.1% 0.1% 0.1% 
Other (mol%) 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 
(H2 + CO) flow rate (kmol/s) 2,301 2,286 2,403 2,388 4,304 4,343 
(H2 + CO + CH4) flow rate (kmol/s) 2,301 2,287 2,403 2,388 4,304 4,668 
Dry syngas flow rate (kmol/s) 2,524 2,505 2,870 2,791 5,997 6,039 
Heat loss (% of coal HHV) N/A 3.0% N/A 0.1% N/A 4.9% 
Assumed equilibrium temperature for "steam 
methane reforming" reaction (°C) 
N/A N/A N/A N/A N/A 739 
Carbon conversion (%) 99.4% 99.4% 99.4% 99.4% 83.0% 83.0% 
Cold gas efficiency (%) 82.5% 82.2% 76.9% 76.6% 66.9% 67.0% 
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Table A3 - Simulated gasifier performance 
Gasifier FBG 
Coal Type North Karanpura 
Feed ultimate analysis 
C (daf %) 74.5% 
O (daf %) 18.3% 
H (daf %) 4.9% 
N (daf %) 1.5% 
S (daf %) 0.7% 
Cl + F (daf %) 0.1% 
Other feed characteristics 
Ash (ar %) 37.4% 
Moisture (ar %) 6.6% 
Lower heating value (MJ/kg) 15.6 
Gasifier T & P 
Gasification temperature (°C) 1,150 
Gasification pressure (bar) 10 
Coal input 
Feed rate (kg/s) 100.0 
Temperature (°C) 25.0 
Pressure (bar) 1.0 
Steam (or water) input 
Feed rate (kg/s) 40.0 
Temperature (°C) 230.0 
Pressure (bar) 28.0 
Nitrogen input 
Feed rate (kg/s) 2.9 
Temperature (°C) 80.0 
Pressure (bar) 13.0 
Oxidant input 
Feed rate (kg/s) 38.9 
Temperature (°C) 80.0 
Pressure (bar) 13.0 
O2 content (mol%) 99.50% 
N2 + Ar content (mol %) 0.50% 
Results 
 
Syngas Composition 
H2O (mol%) 26.1% 
H2 (mol%) 23.8% 
CO (mol%) 29.3% 
CH4 (mol%) 4.3% 
CO2 (mol%) 14.2% 
N2 + Ar (mol %) 2.0% 
H2S + COS (mol%) 0.2% 
Other (mol%) 0.1% 
(H2 + CO) flow rate (kmol/h) 12,879 
(H2 + CO + CH4) flow rate (kmol/h) 13,929 
Dry syngas flow rate (kmol/h) 17,916 
Heat loss (% of coal HHV) 4.9% 
Assumed equilibrium temperature for "steam methane reforming" reaction (°C) 739 
Carbon conversion (%) 93.0% 
Cold gas efficiency (%) 76.2% 
 
Downstream of the gasifier the raw syngas passes through cyclones (removing and 
recycling a portion of the entrained particulates back to the gasifier), ceramic filter 
(removing the remainder of the particulates), heat recovery steam generator (which 
produces high pressure steam) and scrubber, prior to being compressed to the pressure 
required for shifting, sour gas removal and methanol synthesis (71 bar). 
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Syngas modification and methanol synthesis 
The syngas modification and fuel synthesis areas include the Water Gas Shift (WGS) and 
COS reaction section, Acid Gas Removal Unit (AGRU) and methanol synthesis section. 
Larson et.al [29] describes the techno-economic design aspects of such a plant in 
significant detail and the configuration used in the current study was substantially based 
on this design. 
The gasifier simulation results listed in Table A3 shows that the expected H2 to CO ratio in 
the raw syngas is approximately 1:1. Therefore, and to achieve a methanol reactor feed H2 
to CO ratio of 2:1, a portion of the CO in the raw syngas is converted into H2 through the 
use of a high temperature, adiabatic, sour WGS reactor, operating at a pressure of 71 bar 
and an inlet temperature of 245°C. Externally generated high-pressure steam is added to 
the WGS reactor for this purpose. The WGS reactor effluent is used to pre-heat the reactor 
feed prior to being used to generate medium pressure (MP) steam, and combined with 
WGS reactor bypass, as a feed to the COS reactor (operating at 70 bar and an inlet 
temperature of approximately 250°C). The COS reactor effluent is then cooled to a 
temperature of 40°C prior to entering the AGRU which uses the Selexol™19process to 
remove CO2 and H2S from the syngas (comprised mostly of H2, CO, CO2 and a small 
quantity of H2S). The Claus ™20 / SCOT ™21 process is used to convert the H2S into 
elemental sulphur. The selection of the most appropriate sulphur conversion process is a 
function of both the H2S concentration in the acid gas and the daily production rate [271]. It 
is possible that, due to low production rates, the conversion of H2S may be more suited to 
the use of a direct oxidation type process. However, and the overall impact on process 
efficiency and cost is expected to be small, this option was not considered in detail.  
The AGRU circuit was not modelled in detail, instead assuming component distributions 
equivalent to those described by Larson [29], for the three product streams from the AGRU 
(clean syngas, high purity CO2 and H2S).  
The current case syngas feed contains approximately 4% methane (which Larson’s did 
not) but since the solubility of methane in the Selexol solvent (dimethyl ether of 
polyethylene glycol – DEPG) is very low (approximately 1/15 compared with CO2 and 
                                            
19 Selexol is a technology licenced by UOP (which is owned by Honeywell). 
20 The Claus process is a technology licenced by Linde. 
21 The Shell Claus Off-Gas Treatment (SCOT) process is licenced by Shell. 
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1/132 compared with H2S) [272], it is expected that virtually no methane will be present in 
the high purity and H2S streams. CO2 storage is not yet a mature technology but the plant 
design includes a facility for the clean-up and compression of CO2 for this purpose (and is 
accounted for in the calculation of overall process efficiency). The sour gas free syngas is 
subsequently fed to an (essentially) isothermal methanol synthesis reactor operating with 
an inlet temperature of 248°C and pressure of approximately 63 bar. The reactor was not 
modelled in detail, instead assuming single pass H2 and CO conversions equivalent of 
40%. The reaction heat is used to produce medium pressure steam, which is in turn used 
for power generation.  
For the current case, it was assumed that the CH4 contained in the syngas feed would not 
take part in any reaction. The reactor effluent is used to pre-heat the reactor feed, before 
being cooled, and separated into a liquid and vapour stream in a separation vessel 
operating at 55 bar. In the once-through (OT) configuration, the entire vapour stream is 
sent to the power generation circuit (via a syngas expander) as opposed to the recycle 
(RC) configuration where most of the unreacted gas is recycled back to the reactor and a 
comparatively small purge gas stream (used to remove components not taking part in the 
reaction – mostly CH4 and N2) is sent to the power generation circuit.  
The liquid fraction is de-pressurised in two subsequent steps (to 23 bar and 1 bar) to yield 
a raw methanol product (with a purity greater than 98.7%) and flash vapour streams which 
are sent to the power generation circuit and flare. 
DME synthesis  
The estimated yield and utility consumption for the DME synthesis plant was based on 
figures from a technology provider [148] and this circuit was therefore not modelled 
explicitly. Using a “black box approach”, this plant was however integrated into the overall 
simulation model. 
Resultant mass and energy balances 
High level process flow diagrams for both the RC and OT circuits are shown in Figures A1 
and A2.  
  
131 
 
Power generation and consumption 
The process flow diagrams for the power generation circuits of the RC and OT cases are 
shown in Figures A3 and A4, and are based on the assumptions shown in Table A4. 
As shown, the steam system contains three headers (HP (70 bar), MP (39 bar) and LP 
(7bar)), which is different to steam system pressures considered in previous studies (165 
bar, 38 bar, 7 bar [29], 160 bar, 21 bar, 3.5 bar [149]). To simplify the circuit, the pressure 
of the steam generated through the use of the gas turbine heat was kept at the same level 
generated through the use of the heat in the gasifier raw syngas, which in this case was 
limited to below the design pressure of the Beluga HRSG. It is possible that the overall 
efficiency may be further optimized by adding a fourth header (at say 165 bar), but is 
outside of the current scope of work.  
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Figure A1 – Coal to DME Process flow diagram – Recycle configuration (normalised to a feed rate of 100 kg per second) 
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 + 29
Temperature (°C) 25 80 230 1,150 1,150 200 40 159 159 245 285 419 250 250 40 40 40 40 52 252 260 81 40 56 105 41 40 40
Pressure (bar) 1.0 13.0 28.0 9.5 9.5 9.3 9.3 71.0 71.0 70.5 70.0 66.7 66.4 64.9 64.4 64.1 64.1 63.2 63.2 62.2 57.2 56.2 54.1 63.7 23.0 23.0 10.0 10.0
Mass Flow (kg/s) 100.0 38.9 40.0 40.4 141.3 141.3 110.1 57.0 52.7 52.7 35.8 88.5 145.5 145.5 145.5 75.6 0.3 47.8 269.2 269.2 269.2 269.2 221.4 221.4 12.5 35.9 25.3 10.6
Mole flow (kmol/s) - 1.2 2.2 - 6.7 6.7 5.0 2.6 2.4 2.4 2.0 4.4 7.0 7.0 7.0 1.7 0.0 4.0 16.9 16.9 14.7 14.7 12.9 12.9 0.7 1.1 0.6 0.6
H2 (Mol%) - 0.0% 0.0% - 23.8% 23.8% 32.0% 32.1% 32.1% 32.1% 0.0% 35.4% 34.2% 34.2% 34.2% 0.0% 0.0% 59.2% 32.9% 32.9% 22.8% 22.8% 24.7% 24.7% 23.1% 0.0% 0.0% 0.0%
CO (Mol %) - 0.0% 0.0% - 29.3% 29.3% 39.4% 39.6% 39.6% 39.6% 0.0% 3.8% 17.1% 17.1% 17.1% 0.0% 0.0% 29.6% 16.4% 16.4% 11.3% 11.3% 12.3% 12.3% 11.6% 0.0% 0.0% 0.1%
CO2 (Mol %) - 0.0% 0.0% - 14.2% 14.2% 19.0% 19.1% 19.1% 19.1% 0.0% 28.3% 24.9% 24.9% 24.9% 99.5% 0.0% 0.6% 1.8% 1.8% 2.1% 2.1% 2.2% 2.2% 2.1% 0.6% 0.0% 1.3%
H2S (Mol %) - 0.0% 0.0% - 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
COS (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
H2O (Mol %) - 0.0% 100.0% - 26.1% 26.1% 0.7% 0.3% 0.3% 0.3% 100.0% 27.6% 17.5% 17.5% 17.5% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 5.4% 0.0% 1.0% 94.8%
O2 (Mol %) - 99.5% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
N2 (Mol %) - 0.5% 0.0% - 2.0% 2.0% 2.7% 2.7% 2.7% 2.7% 0.0% 1.5% 2.0% 2.0% 2.0% 0.0% 0.0% 3.4% 15.6% 15.6% 18.0% 18.0% 19.5% 19.5% 18.5% 0.2% 0.0% 0.4%
Ar (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
CH4 (Mol %) - 0.0% 0.0% - 4.3% 4.3% 5.8% 5.8% 5.8% 5.8% 0.0% 3.2% 4.2% 4.2% 4.2% 0.0% 0.0% 7.2% 32.4% 32.4% 37.2% 37.2% 40.2% 40.2% 38.4% 1.1% 0.0% 2.1%
CH3OH (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.8% 0.8% 8.5% 8.5% 1.1% 1.1% 0.8% 97.8% 0.0% 0.6%
CH3OCH3 (Mol%) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 99.0% 0.3%
Others (Mol%) 100.0% 0.0% 0.0% 100.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.3% 0.0% 0.5%
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Figure A2 – Coal to DME process flow diagram – Once through configuration (normalised to a coal feed rate of 100 kg per second) 
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 + 27
Temperature (°C) 25 80 230 1,150 1,150 200 40 159 159 245 285 419 250 250 40 40 40 40 40 252 260 98 105 41 40 40
Pressure (bar) 1.0 13.0 28.0 9.5 9.5 9.3 9.3 71.0 71.0 70.5 70.0 66.7 66.4 64.9 64.4 64.1 64.1 63.2 63.2 62.2 57.2 56.2 23.0 23.0 10.0 10.0
Mass Flow (kg/s) 100.0 38.9 40.0 40.4 141.3 141.3 110.1 57.0 52.7 52.7 35.8 88.5 145.5 145.5 145.5 75.6 0.3 47.8 47.8 47.8 47.8 47.8 35.5 14.7 10.4 4.3
Mole flow (kmol/s) - 1.2 2.2 - 6.7 6.7 5.0 2.6 2.4 2.4 2.0 4.4 7.0 7.0 7.0 1.7 0.0 4.0 4.0 4.0 3.1 3.1 2.8 0.5 0.2 0.2
H2 (Mol%) - 0.0% 0.0% - 23.8% 23.8% 32.0% 32.1% 32.1% 32.1% 0.0% 35.4% 34.2% 34.2% 34.2% 0.0% 0.0% 59.2% 59.2% 59.2% 46.5% 46.5% 51.9% 0.1% 0.0% 0.1%
CO (Mol %) - 0.0% 0.0% - 29.3% 29.3% 39.4% 39.6% 39.6% 39.6% 0.0% 3.8% 17.1% 17.1% 17.1% 0.0% 0.0% 29.6% 29.6% 29.6% 23.3% 23.3% 25.9% 0.1% 0.0% 0.2%
CO2 (Mol %) - 0.0% 0.0% - 14.2% 14.2% 19.0% 19.1% 19.1% 19.1% 0.0% 28.3% 24.9% 24.9% 24.9% 99.5% 0.0% 0.6% 0.6% 0.6% 0.7% 0.7% 0.8% 0.3% 0.0% 0.5%
H2S (Mol %) - 0.0% 0.0% - 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
COS (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
H2O (Mol %) - 0.0% 100.0% - 26.1% 26.1% 0.7% 0.3% 0.3% 0.3% 100.0% 27.6% 17.5% 17.5% 17.5% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 5.2% 0.0% 1.0% 96.6%
O2 (Mol %) - 99.5% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
N2 (Mol %) - 0.5% 0.0% - 2.0% 2.0% 2.7% 2.7% 2.7% 2.7% 0.0% 1.5% 2.0% 2.0% 2.0% 0.0% 0.0% 3.4% 3.4% 3.4% 4.4% 4.4% 4.9% 0.1% 0.0% 0.1%
Ar (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
CH4 (Mol %) - 0.0% 0.0% - 4.3% 4.3% 5.8% 5.8% 5.8% 5.8% 0.0% 3.2% 4.2% 4.2% 4.2% 0.0% 0.0% 7.2% 7.2% 7.2% 9.5% 9.5% 10.5% 0.4% 0.0% 0.8%
CH3OH (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 15.5% 15.5% 0.6% 98.7% 0.0% 0.6%
CH3OCH3 (Mol%) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 99.0% 0.3%
Others (Mol%) 100.0% 0.0% 0.0% 100.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.4% 0.0% 0.8%
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Figure A3 – Steam and power generation process flow diagram - Recycle configuration (normalised to a coal feed rate of 100 kg per 
second) 
 
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Temperature (°C) 105 25 71 649 560 504 422 250 90 285 285 285 450 167 248 248 285 370 171 166 166 166 300 36 160 60 64
Pressure (bar) 23.0 1.0 20.0 1.1 1.1 1.1 1.0 1.0 1.0 70.0 70.0 70.0 69.5 7.0 39.0 39.0 70.0 38.5 7.0 7.0 7.0 7.0 6.5 0.1 6.5 5.0 75.0
Mass flow (kg/s) 12.5 238.1 3.4 254.1 254.1 254.1 254.1 254.1 254.1 24.4 116.1 35.8 64.7 64.7 6.5 52.5 40.0 59.0 59.0 1.0 30.2 1.3 91.1 91.1 32.6 75.8 199.5
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Figure A4 – Steam and power generation process flow diagram - Once-through configuration (normalised to a coal feed rate of 100 kg per 
second) 
  
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Temperature (°C) 105 25 71 650 577 566 515 250 90 285 285 285 450 167 248 248 285 370 171 166 166 166 300 36 160 60 51
Pressure (bar) 23.0 1.0 20.0 1.1 1.1 1.1 1.0 1.0 1.0 70.0 70.0 70.0 69.5 7.0 39.0 39.0 70.0 38.5 7.0 7.0 7.0 7.0 6.5 0.1 6.5 5.0 75.0
Mass flow (kg/s) 35.5 576.1 54.8 666.5 666.5 666.5 666.5 666.5 666.5 100.0 116.1 35.8 140.4 140.4 6.5 23.0 40.0 29.5 29.5 1.0 12.5 4.4 152.0 152.0 17.9 75.8 245.7
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Appendix B - Power generation and use assumptions 
(Gasification derived DME) 
Area Unit Value 
ASU (delivering O2 and N2 at 1.05 bar) a kWh per tonne pure O2 261 
N2 compressor (delivering N2 at 27 bar) b kWh per tonne pure N2 107 
O2 compressor (delivering O2 at 13 bar) b  kWh per tonne pure O2 75 
Coal handling and feed c kWh per tonne 20 
Gasifier c kWh per tonne 1 
Gasifier ash handling c kWh per tonne 18 
Syngas compressor polytropic efficiency a % 85 
AGRU a kWh per tonne CO2 28 
CO2 drying and compression (delivering CO2 at 150 bar) a kWh per tonne CO2 70 
Methanol recycle compressor polytropic efficiency a % 85 
Methanol synthesis d kWh per tonne methanol 19 
DME synthesis e kWh per tonne DME 11 
Power consumption associated with heat rejection a % of heat discharged 1 
Gas turbine auxiliary power consumption a % of gross output 0.35 
Compressor mechanical efficiency f % 98.7 
GT compressor polytropic efficiency f % 87.0 
GT compressor mechanical efficiency f % 98.7 
GT turbine isentropic efficiency (minus combustion heat loss) f % 89.0 
GT turbine inlet temperature f °C 1,370 
GT compressor pressure ratio f - 19.5 
Syngas expander isentropic efficiency a % 88.0 
Steam turbine isentropic efficiency % 89.0 
Electric generator efficiency f % 98.6 
 
Notes 
a - Based on work published by Chiesa et.al [166]. 
b - Based on Aspen simulations of the various cases. 
c - Based on the mass and utility balance described in the Beluga feasibility study [161] 
d - Based on work published by Larson et.al  [29]. 
e – Based on information from a methanol to DME technology provider [148]. 
f -  Based on work published by Larson et. al [149]. 
  
137 
 
Appendix C - Capital cost estimation methodology 
(Gasification derived DME) 
The calculation of the overnight capital cost for each plant area was based on a 
methodology described in a paper by Larson et.al [149]. Under this methodology, the cost 
of a process unit or plant area is determined by its throughput capacity (S) through the 
following equation:  
(𝑪)  =  𝒏 ∗ 𝑪𝒐 ∗ (
𝑺
𝑺𝒐
)
𝒇
∗ (
𝑪𝑬𝑷𝑪𝑰(𝟐𝟎𝟏𝟔)
𝑪𝑬𝑷𝑪𝑰(𝟐𝟎𝟎𝟐)
)     Equation 1 
• n = (Sr / Smax) rounded up to the next integer and S = (Sr/n). Sr is the total 
required capacity and Smax the maximum practical capacity associated with a 
specific process unit.  
• For all of the cases investigated for this paper, the value of n was equal to 1 for all 
of the process units (except the gasifier and methanol dehydration section). For the 
gasifier, the maximum capacity (Smax) was assumed to be equal to the reference 
capacity (So) and it was assumed that the plant configuration would contain one 
additional gasification train. The capacity of the  methanol dehydration section was 
limited to 300,000 short tonnes per year, which has been demonstrated in China 
[178].  
• Values for the reference cost (Co), reference capacity (So) and scaling exponent (f) 
are listed in Table C1 together with associated assumptions. The Chemical 
Engineering Plant Cost Index (CEPCI) for 2016 was assumed to be 541.7 and 
CEPCI for 2002 was 395.6. 
The total overnight cost (TOC) of the facility is the sum of the cost of the individual process 
units. These are however based on constructing the facility on the US Gulf coast, and the 
equivalent cost in India is described by: 
 𝑻𝑶𝑪 (𝑰𝒏𝒅𝒊𝒂) =  ∑ (𝑪) ∗ 𝑰𝒏𝒅𝒊𝒂 𝒍𝒐𝒄𝒂𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓  Equation 2 
• The assumed India location factor was 1.02 [245]. It is recognised that this is an 
average value, and may be affected by site specific conditions.  
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The total installed cost (TIC) includes an allowance for interest paid during construction 
and is described by: 
𝑻𝑰𝑪 = 𝑻𝑶𝑪 ∗ (𝟏 + (𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 𝒊𝒏𝒕𝒆𝒓𝒆𝒔𝒕 𝒓𝒂𝒕𝒆))  Equation 3 
Assumes an overall interest rate during construction of 12.3%, based on a four year 
construction period and a cost of capital of 7.8% per year [149]. 
 
Table C1 - Overnight capital costs for a United States location (including installation, BOP, 
indirect costs and contingencies) a 
Area 
Cost 
(MM 
$US - 
2002) 
Reference 
Capacity 
Unit 
Scaling 
Exponent 
Coal Handling and Feed a 181.2 23778.9 tonne per day feed prepared 0.67 
Gasifier b 29.6 8414.9 kmol per hour syngas produced 0.67 
Gasifier Ash Handling c 89.6 6148.4 tonne per day ash produced 0.67 
Air Separation Unit d 40.4 1839.0 tonne per day O2 produced 0.50 
O2 Compression e 6.3 10.0 compression power (MWe) 0.67 
N2 Compression f 4.7 10.0 compression power (MWe) 0.67 
Syngas Compression g 6.3 10.0 compression power (MWe) 0.67 
Sour WGS and COS Hydrolysis h 8.7 6.9 kmol per second feed flow 0.67 
H2S Removal and Stripping i 44.4 81.0 tonne per day S removed 0.67 
CO2 Absorption and Stripping j 43.4 327.0 tonne per day CO2 removed 0.67 
Sulfur Recovery (Claus, SCOT plants) k 22.9 81.0 tonne per day S produced 0.67 
CO2 Drying and Compression l 21.3 292.3 tonne per day CO2 removed 0.67 
Once-through Liquid Phase MeOH Synthesis m 23.5 2.9 kmol per second syngas feed 0.65 
Recycle LP MeOH Synthesis n 94.0 10.8 kmol per second syngas feed 0.65 
Methanol Product Separation / Purification o 2.0 4.7 kg per second methanol produced 0.29 
DME Production p 23.6 2.9 kmol per second methanol feed 0.65 
DME Product Separation / Purification q 31.8 6.8 kg per second DME produced 0.65 
Saturator r 0.4 20.9 actual m3/s 0.70 
Gas Turbine Generator s 70.0 266.0 gas turbine power  (MWe) 0.75 
HRSG + Heat Exchangers t 51.5 355.0 MWth duty 1.00 
Steam Turbine u 56.9 136.0 steam turbine gross power (MWe) 0.67 
Syngas Expander v 3.1 10.0 expander power (MWe) 0.67 
Notes:  
a – Estimates are based on the Beluga feasibility study [161] which contains a detailed breakdown of direct process 
costs associated with each plant section, infrastructure and indirect costs and it has been assumed that these do not 
include Balance of Plant (BOP) costs. As a whole, the direct BOP costs (including buildings, chemical and product 
storage, etc.) were found to be approximately 23% of cost of onsite process units ,which corresponded with the figure 
used by Kreutz et  to determine BOP as a percentage of installed capital costs  [167]. The total indirect costs shown in 
the Beluga study comprised approximately 29.5% of the total direct + infrastructure costs. These figures have been 
included in the figures above together with a contingency factor of 15% [167], escalated to 2002 (through use of the 
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Chemical Engineering Plant Cost Index (CEPCI)), and divided by the location factor for Alaska. Determining the location 
factor proved to be difficult  with little reliable information for a location close to Anchorage so for this study, it was 
decided to assume a factor of 1.07, which is similar to that of a US West Coast location [245]. This resulted in costs 
which may be a bit conservative but were believed to be reasonable relatively to the costs for the other sections of the 
plant. 
b – The Beluga configuration was based on the use of eight gasifiers, with seven operating at a pressure of 4 bar and 
one operating at 10 bar.  The provided cost of the gasification island did not distinguish between the cost of the gasifiers 
operating at different pressures, and it was assumed that the cost of the 10 bar gasifier (shown in the table) would scale 
with the indicated increase in capacity. The cost reflected in the table above also includes the adjustments for BOP, 
indirect costs, contingency, escalation and location factor adjustment discussed in note a. 
c – Based on costs shown in the Beluga feasibility study with similar adjustments for BOP, indirect costs, contingency 
escalation and location factor adjustment discussed in note a.  
d, e, f  – Based on published data by Kreutz et al [167] which includes  total direct cost,  BOP, engineering and 
contingencies. 
g – Similar to Larson et.al. [149], this cost was  assumed to be similar to that of a purge gas compressor, described by 
Kreutz et al [167] and which includes total direct costs, BOP, engineering and a 15% contingency. 
h – Based on published data by Larson et.al [149] and assuming a single stage adiabatic reactor (with an indicated cost 
equivalent to 40% of a two stage system) which includes a 32% factor to account for indirect costs and contingency. This 
cost was originally derived from data published by Kreutz et.al [167] and, although the relative contributions of 
engineering and contingency was different,  the combined factor also amounted to 32% above the total direct costs + 
BOP. 
i, j – Based on data published by Larson et al [29] in which total overnight costs published by Kreutz et.al [167] were 
increased by 32% to account for a more significant level of sulphur removal required in methanol production plants as 
opposed to IGCC.  
k - Based on published data by Kreutz et al [167] which includes  total direct cost,  BOP, engineering and contingencies.. 
l, m, n, o - Based on data published by Larson et al [29]. It is assumed that this includes direct costs, indirect costs and 
contingencies but excludes BOP (of 15% which is shown as a separate line item in the original text). Larson’s original 
figures have therefore been increased by this margin to remain consistent with the other figures in the table. 
p, q, r, s, t, u, v - Based on published data by Larson et.al [149] which includes a 32% factor to account for indirect costs 
and contingency. 
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Appendix D – Block flow diagram of a typical RDF plant in India 
 
 
Figure D1 – Block flow diagram of a typical RDF plant in India [197] 
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Appendix E – Process flow diagram and mass balances (MSW to DME)22 
 
 
Figure E1 – Solid fuel to DME Process flow diagram (Based on an extension of [24])  
                                            
22 The associated electronic Aspen simulation models are also available in the UQ eSpace. 
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Table E1 – Mass balance for the 25% RDF case (normalised to a 100 kg/s feed rate) 
 
 
Table E2 – Mass balance for the 50% RDF case (normalised to a 100 kg/s feed rate) 
 
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 + 29
Temperature (°C) 25 80 230 950 950 200 40 158 158 245 285 410 244 244 40 40 40 40 52 252 260 75 40 56 105 41 40 40
Pressure (bar) 1.0 13.0 28.0 9.5 9.5 9.3 9.3 71.0 71.0 70.5 70.0 66.7 66.4 64.9 64.4 64.1 64.1 63.2 63.2 62.2 57.2 56.2 54.1 63.7 23.0 23.0 10.0 10.0
Mass Flow (kg/s) 100.0 41.6 40.0 25.8 158.7 158.7 133.1 73.2 59.4 59.4 38.5 97.8 171.0 171.0 171.0 85.4 0.2 62.0 413.3 413.3 413.3 413.3 351.2 351.2 19.9 43.2 30.4 12.8
Mole flow (kmol/s) - 1.3 2.2 - 7.7 7.7 6.3 3.5 2.8 2.8 2.1 4.9 8.4 8.4 8.4 1.9 0.0 5.1 25.8 25.8 23.2 23.2 20.7 20.7 1.2 1.4 0.7 0.7
H2 (Mol%) - 0.0% 0.0% - 26.3% 26.3% 32.3% 32.4% 32.4% 32.4% 0.0% 35.5% 34.2% 34.2% 34.2% 0.0% 0.0% 55.9% 25.9% 25.9% 17.4% 17.4% 18.5% 18.5% 17.3% 0.0% 0.0% 0.0%
CO (Mol %) - 0.0% 0.0% - 29.6% 29.6% 36.3% 36.5% 36.5% 36.5% 0.0% 3.6% 17.1% 17.1% 17.1% 0.0% 0.0% 28.0% 12.9% 12.9% 8.6% 8.6% 9.2% 9.2% 8.6% 0.0% 0.0% 0.0%
CO2 (Mol %) - 0.0% 0.0% - 14.5% 14.5% 17.8% 17.9% 17.9% 17.9% 0.0% 27.2% 23.4% 23.4% 23.4% 99.5% 0.0% 0.5% 1.4% 1.4% 1.6% 1.6% 1.7% 1.7% 1.6% 0.5% 0.0% 1.0%
H2S (Mol %) - 0.0% 0.0% - 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
COS (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
H2O (Mol %) - 0.0% 100.0% - 19.0% 19.0% 0.7% 0.3% 0.3% 0.3% 100.0% 26.3% 15.6% 15.6% 15.6% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 5.5% 0.0% 1.0% 94.0%
O2 (Mol %) - 99.5% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
N2 (Mol %) - 0.5% 0.0% - 2.1% 2.1% 2.6% 2.6% 2.6% 2.6% 0.0% 1.5% 2.0% 2.0% 2.0% 0.0% 0.0% 3.2% 12.4% 12.4% 13.8% 13.8% 14.7% 14.7% 13.9% 0.1% 0.0% 0.2%
Ar (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
CH4 (Mol %) - 0.0% 0.0% - 8.2% 8.2% 10.0% 10.1% 10.1% 10.1% 0.0% 5.7% 7.5% 7.5% 7.5% 0.0% 0.0% 12.3% 46.4% 46.4% 51.7% 51.7% 54.8% 54.8% 52.3% 1.3% 0.0% 2.6%
CH3OH (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.9% 0.9% 6.8% 6.8% 1.2% 1.2% 0.8% 97.4% 0.0% 0.6%
CH3OCH3 (Mol%) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 99.0% 0.3%
Others (Mol%) 100.0% 0.0% 0.0% 100.0% 0.1% 0.1% 0.2% 0.1% 0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.2% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.7% 0.0% 1.3%
Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 + 29
Temperature (°C) 25 80 230 950 950 200 40 158 158 245 285 398 230 229 40 40 40 40 52 252 260 79 40 56 105 41 40 40
Pressure (bar) 1.0 13.0 28.0 9.5 9.5 9.3 9.3 71.0 71.0 70.5 70.0 66.7 66.4 64.9 64.4 64.1 64.1 63.2 63.2 62.2 57.2 56.2 54.1 63.7 23.0 23.0 10.0 10.0
Mass Flow (kg/s) 100.0 41.6 40.0 22.7 161.7 161.7 124.9 79.5 44.9 44.9 25.8 70.8 150.3 150.3 150.3 78.9 0.2 55.2 329.2 329.2 329.2 329.2 274.0 274.0 15.5 40.5 28.5 12.0
Mole flow (kmol/s) - 1.3 2.2 - 7.9 7.9 5.9 3.8 2.1 2.1 1.4 3.6 7.3 7.3 7.3 1.8 0.0 4.6 20.6 20.6 18.1 18.1 15.9 15.9 0.9 1.3 0.6 0.6
H2 (Mol%) - 0.0% 0.0% - 26.8% 26.8% 36.1% 36.3% 36.3% 36.3% 0.0% 37.3% 36.8% 36.8% 36.8% 0.0% 0.0% 58.2% 30.5% 30.5% 20.9% 20.9% 22.5% 22.5% 21.1% 0.0% 0.0% 0.0%
CO (Mol %) - 0.0% 0.0% - 23.9% 23.9% 32.2% 32.3% 32.3% 32.3% 0.0% 3.7% 18.4% 18.4% 18.4% 0.0% 0.0% 29.1% 15.2% 15.2% 10.4% 10.4% 11.2% 11.2% 10.5% 0.0% 0.0% 0.1%
CO2 (Mol %) - 0.0% 0.0% - 15.9% 15.9% 21.3% 21.4% 21.4% 21.4% 0.0% 28.4% 24.8% 24.8% 24.8% 99.5% 0.0% 0.5% 1.6% 1.6% 1.8% 1.8% 1.9% 1.9% 1.8% 0.6% 0.0% 1.1%
H2S (Mol %) - 0.0% 0.0% - 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 100.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
COS (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
H2O (Mol %) - 0.0% 100.0% - 26.2% 26.2% 0.7% 0.3% 0.3% 0.3% 100.0% 24.9% 12.3% 12.3% 12.3% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 5.4% 0.0% 1.0% 94.5%
O2 (Mol %) - 99.5% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
N2 (Mol %) - 0.5% 0.0% - 2.1% 2.1% 2.8% 2.8% 2.8% 2.8% 0.0% 1.7% 2.2% 2.2% 2.2% 0.0% 0.0% 3.5% 15.4% 15.4% 17.5% 17.5% 18.8% 18.8% 17.9% 0.2% 0.0% 0.3%
Ar (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
CH4 (Mol %) - 0.0% 0.0% - 5.0% 5.0% 6.7% 6.8% 6.8% 6.8% 0.0% 4.0% 5.4% 5.4% 5.4% 0.0% 0.0% 8.6% 36.4% 36.4% 41.5% 41.5% 44.5% 44.5% 42.5% 1.2% 0.0% 2.3%
CH3OH (Mol %) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.9% 0.9% 7.9% 7.9% 1.1% 1.1% 0.8% 97.6% 0.0% 0.6%
CH3OCH3 (Mol%) - 0.0% 0.0% - 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 99.0% 0.3%
Others (Mol%) 100.0% 0.0% 0.0% 100.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.0% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.4% 0.0% 0.8%
